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Meat processing industries produce large volumes of high strength wastewater. 
Conventional technologies used in Australia and similar countries for treatment of 
effluent from meat processing and similar industries, such as wineries and processed 
food industry, are treatment ponds with or without a mechanical treatment system.   
 
A properly designed activated sludge treatment system would be capable of biological 
removal of phosphorus and nitrogen in addition to BOD5.  These systems, however, 
require substantial electrical power, skilled operational support and produce large 
quantities of biosolids or sludge which require further on-site treatment or off site 
disposal. Application of sub-surface flow constructed wetland (SSF-CW) systems could 
provide a sustainable solution for treatment of meat processing industry effluent and 
other similar high strength wastewaters.  There are, however, only very limited studies 
on application of SSF-CW for secondary treatment of high strength wastewaters. 
Although there have been a number of cases where SSF-CW have been used as the 
secondary treatment unit for municipal wastewater, this technology has not still become 
a common practice for the same purpose in Australia. Most of the applications are for 
either polishing of secondary or tertiary treated municipal wastewater or for greywater 
treatment. 
 
This research was funded by National Meat Industry Advisory Council (MINTRAC). 
Sustainable wastewater treatment has been taken up as a very important issue by meat 
industry. The industry provides Ph.D research scholarships through MINTRAC to   viii
develop new technologies for wastewater treatment and nutrient removal from meat 
processing effluent. 
 
The main objective of the research was to develop process engineering design 
parameters for sub-surface flow constructed wetland (SSF-CW) with Monto vetiver 
(Vetiveria zizanioides recently reclassified as Chrysopogon zizanioides) as the emergent 
vegetation for treatment of high strength, nutrient rich wastewater. The study also 
investigated the phosphorus retention properties of pea gravel for use in SSF-CW 
system as bed media or as an external phosphorus removal system for meat processing 
industry effluent. In addition, chemical methods for phosphorus removal from meat 
processing industry effluent were also investigated.   
 
The thesis is based on experimental research.  The research consisted of three types of 
experimental set up; a) using two laboratory experimental SSF-CW reactors (one with 
vetiver grass and the other reactor with no vegetation) in a greenhouse with batch 
feeding of artificial wastewater that simulates meat industry effluent, b) experiment with 
pea gravel of different particle sizes and solutions of different phosphorus (P) 
concentrations in a constant temperature room, c) laboratory experiment using actual 
meat processing industry effluent with alum and sodium aluminate for P removal. 
 
The structure of the thesis is as follows. Following the Introduction is the section of 
Literature Review, then sections on the experiments that follow a journal paper format, 
followed by a General Discussion, Conclusions and Recommendations. A list of 
references is provided at the end of the thesis.  
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The literature review section has four chapters (Chapter 2 to Chapter 5). Chapter 2 
describes a review of meat processing industry effluent characteristics and current 
treatment technologies.  Chapter 3 is a critical review of current literature on COD 
removal using sub-surface flow constructed wetlands (SSF-CW). Chapter 4 and 5 
describe a review of various processes and models on the fate of nitrogen and 
phosphorus in SSF-CW system respectively.   
 
Chapters 6 to 10 deal with experimental research part of the thesis.  Chapters, 6, 7 and 8 
share a common methodology section which is described in Chapter 6.  Results of the 
batch experiments with the laboratory SSF-CW systems on COD removal, nitrogen 
removal and phosphorus retention are discussed in Chapters 6, 7 and 8 respectively.  
Chapter 9 explains a detailed experimental study on phosphorus adsorption dynamics of 
pea gravel. Chapter 10 discusses the results on experiments using sodium aluminate and 
aluminium sulphate for P removal from meat processing industry effluent as an alternate 
P removal method for such effluent.  
 
An overview of the major results of the experimental section is discussed in chapter 11, 
in the General Discussion section. Conclusions and Recommendations of the research 
are provided in Chapter 12. 
 
In this study, it was observed that Monto vetiver grass performed better during 
nitrification than in denitrification, where the plant did not survive. Ammonium N 
removal followed a first order decay in both vegetated and un-vegetated experimental 
SSF-CW system with average removal ranging from 40 to 60 % of the influent. 
Denitrification was found to be the pathway for nitrate removal. As long as the carbon 
source was available, the denitrification followed a first order exponential decay, with   x
over 80% of nitrate was removed in 48 hours. Vetiver grass sustained elevated 
ammonium levels of approximately 200 mg/L or more, however it was under stress 
during denitrification and it eventually died.  
 
The experimental SSF-CW systems with pea gravel as bed media could effectively 
retain soluble reactive phosphorus (SRP) in the wetland cells during experiments of 
COD reduction and nitrification (with ammonia and high COD input). However, during 
denitrification study, both experimental SSF-CW cells did not show significant removal 
of SRP from wastewater. The vegetated cell removed nearly 50% of the input SRP, 
however, the un-vegetated cell did not show any trend for SRP removal, and in some 
cases the effluent SRP was nearly 90% of the input value.   
 
The role of Monto vetiver grass for N and P removal was found to be very minor and 
this study concluded that nutrient removal (N & P) by plant uptake could be neglected 
in the design of SSF-CW system with Monto vetiver grass.  
 
Adsorption is the major mechanism for P removal from the experimental SSF-CW 
systems, where pea gravel was used as bed media. The P adsorption capacity of pea 
gravel increased with decrease in particle size.  For 16 to 18 mm, the Langmuir 
adsorption maximum was 99 mg/kg, whereas for very fine pea gravel powder (<150 
μm) the maximum adsorption observed experimentally was 3950 mg/kg. In a typical 
wetland with pea gravel as bed media for meat processing industry, the media would be 
capable of P retention for about 2 to 3 years of operation. Supplementary chemical 
removal method is needed for sustainable P removal once the adsorption maximum of 
wetland cell is reached. 
   xi
A chemical P removal system using liquid alum and NaOH for pH stabilisation is more 
appropriate than sodium aluminate. Application of sodium aluminate for P removal for 
meat processing industry effluent is found to be less effective as it would need higher 
dosage, longer settling period, coloured supernatant, acid addition for pH adjustment. 
Liquid alum application rate is recommended to be between a molar ratio of Al: P of 3 
for TP value of <1 mg/L in the treated effluent. 
  
This research study concludes that horizontal flow SSF-CW system with Monto vetiver 
grass is suitable for COD removal and nitrification from high strength wastewater.   
Current design equation of horizontal flow SSF-CW system is mostly plug flow 
exponential decay method, but in this study, it has been concluded that retarded first 
order rate constant is the most appropriate design method for horizontal flow SSF-CW 
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CHAPTER 1   
General Introduction 
 
1.1  Introduction 
 
Meat processing industries produce large quantities of high strength wastewater. In 
many locations in Australia, the only available option for meat industries is to provide 
on-site treatment for effluent from their operations. The conventional technologies used 
in Australia and similar countries for treatment of effluent from meat processing and 
similar industries, such as wineries, processed food industry and breweries, are 
treatment ponds with or without mechanical treatment systems.  Treatment ponds are 
capable to reduce BOD5 or organic carbon in the wastewater. However, most of the 
non-mechanical pond systems are neither designed for nor capable of removal of 
nutrients (eg. nitrogen and phosphorus).  In addition, these systems can produce 
offensive odours, require larger footprint, cause mosquito breeding and other 
environmental and health problems.  
 
A properly designed activated sludge system would be capable of biological removal of 
nitrogen and phosphorus in addition to BOD5.  These systems, however, require 
substantial electrical input, skilled operational support and produce large quantities of 
biosolids or sludge which require further treatment or off site disposal. Application of 
sub-surface flow constructed wetland (SSF-CW) systems would provide a suitable 
solution for treatment for meat processing industry effluent and other similar high 
strength wastewaters.  However, there are only very limited studies on application of 
SSF-CW for secondary treatment of high strength wastewaters including meat 
processing industry effluent. Although there have been a number of cases where SSF-  2
CW systems have been used as the secondary treatment unit for municipal wastewater 
treatment, this technology has not yet become a common practice for the same purpose 
in Australia. Most of the applications are for either polishing of secondary or tertiary 
treated municipal wastewater or for greywater treatment. 
 
Detailed understanding of various processes that take place in an SSF-CW system – 
both horizontal and vertical flow- is required before commercialisation of this 
technology for treatment of meat processing industry or similar high strength 
wastewater treatment. This thesis is an attempt to understand engineering design aspects 
of SSF-CW with horizontal flow system for treating high strength high nutrient 
wastewater such as meat processing industry effluent.  For effective engineering of 
SSF-CW technology for treatment wastewater from meat processing and similar 
industries, the knowledge on treatment kinetics and processes is needed, particularly for 
developing designs for removal of BOD5, nitrogen and phosphorus.  
 
1.2  Scope and Objectives of Research 
 
The main objective of the research was to develop process engineering design 
parameters for sub-surface flow constructed wetland with Monto vetiver (Vetiveria 
zizanioides recently reclassified as Chrysopogon zizanioides) as the emergent vegetation 
for high strength high nutrient wastewater treatment.  The study also investigated the 
phosphorus retention properties of pea gravel for use in SSF-CW system as bed media 
or as an external phosphorus removal system for meat processing industry effluent. In 
addition, chemical methods for phosphorus removal from meat processing industry 
effluent were also investigated.  
   3
 
The detailed objectives were: 
1.  to investigate the COD removal characteristics of horizontal type SSF-CW 
system with Monto vetiver grass as emergent vegetation for wastewater with 
nitrogen applied as either ammonium or  nitrate N; 
2.  to elucidate the dynamics of ammonium N removal and nitrate removal 
(denitrification) in SSF-CW system with and without vegetation; 
3.  determine the effect of different operation regimes (carbon removal, 
nitrification and denitrification) on P retention in both vegetated and un-
vegetated SSF-CW systems having pea gravel as bed medium; 
4.  to predict the value of phosphorus sorption capacity of pea gravel using 
adsorption isotherm models; 
5.  to determine the P removal capacities of powdered pea gravel with different 
particle sizes; 
6.  to find out the optimal dosing rate required of both alum and sodium aluminate 
to obtain a final TP value of <1 mg/L for meat processing industry effluent. 
 
1.3  Thesis Structure  
 
The structure of the thesis is as follows. Following the Introduction is the section on 
Literature Review, then sections on the experiments, followed by a General Discussion 
and Conclusions and Recommendations. A list of references is provided at the end of 
the thesis.  
 
The literature review section has four chapters (Chapter 2 to Chapter 5). Chapter 2 
describes a review of meat processing industry effluent characteristics and current   4
treatment technologies.  Chapter 3 is a critical review of current literature on COD 
removal using sub-surface flow constructed wetlands (SSF-CW). Chapter 4 and 5 
describe a review of various processes and models on the fate of nitrogen and 
phosphorus in SSF-CW system respectively.   
 
The experimental chapters are Chapters 6 to Chapter 10, formatted in the style of 
journal papers. Chapters, 6, 7 and 8 share a common methodology section which is 
described in Chapter 6.  Results of the batch experiments with the laboratory SSC-CW 
systems on COD removal, nitrogen removal and phosphorus retention are discussed in 
Chapters 6, 7 and 8 respectively.  Chapter 9 explains the phosphorus removal 
characteristics of pea gravel. Chapter 10 discusses the results on experiments using 
sodium aluminate and aluminium sulphate for phosphorus removal from meat 
processing industry effluent.  
 
An overview of the major results of the experimental section is discussed in Chapter 11, 
in the General Discussion section. Conclusions and Recommendations of the research 
are provided in Chapter 12.   5
CHAPTER 2   
 





This chapter introduces the processes that contribute to wastewater generation in meat 
processing industry. The characteristics of effluent from meat processing industry both 
in Australia and overseas are provided. This chapter also provides an overview of the 
preliminary, secondary and advanced technologies employed in treatment of meat 
processing industry effluent.  
 
2.1  Introduction 
 
Meat processing is a major industry in rural and semi-rural Australia. The major meat 
products include beef and veal, sheep and goat, pork and poultry. In 2004-05 financial 
year, the turn over for the red meat industry alone was just about A$ 15 billion. This 
includes a turn over of A$ 10.9 billion for beef (MLA 2005b) and A$ 3.12 billion 
(MLA 2005a) for sheep meat. These figures indicate the significance of the meat 
processing industry in the Australian economy. However, similar to any industrial 
process, the meat processing industry is also associated with significant effluent 
management issues that can negatively impact on the environment where these 
industries are located. The environmental issues associated with meat processing 
industry include, but are not limited to, odour problems, wastewater treatment including 
nutrient removal and management of solid wastes. 
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Wastewater is a major issue for meat processing industry due to generation of large 
volumes of highly contaminated and nutrient rich water during the processing 
operations.  
 
Meat processing industry wastewater is organic in nature and is characterised by the 
high concentrations of carbon, organic nitrogen, phosphorus and pathogens. Wastewater 
is produced by almost all operations in an abattoir complex with a large proportion 
emanating from the slaughtering process, and from the wash down of work areas. 
 
The principal sources that contribute to contaminants in meat processing industry 
wastewater are: 
 
•  Paunch contents from gut cutting and washing operation 
•  Faecal materials from stock, yards and casings operations 
•  Blood losses from processing operations 
•  Fat from rendering and gut processing operations 
•  Emulsified fat, soluble protein and suspended solids from washdown, conveying 
water and general processing operations (MIRINZ 1991). 
 
The objectives of this chapter are to introduce various operations in meat processing 
industry that contribute to wastewater generation. The chapter also discusses various 
treatment processes and technologies including pre-treatment, secondary and advanced 
treatment that are employed in meat processing industry. 
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2.2  Meat Processing Operations 
 
The generic processes that take place at abattoirs are stunning and bleeding, hide 
removal or treatment, evisceration, carcass dressing and washing (Hansen et al. 2000). 
Many abattoirs also have a boning process in which finished carcasses are cut into retail 
portions. Most abattoirs also have casings and offal processing departments, which 
produce value-added products from the casings (intestinal tract) and edible offal. The 
sections that follow provide a brief description of these processes.  The basic process for 
the slaughtering and processing of cattle along with wastewater generation sources is 
shown in Figure 1. There is not a major difference in the process of slaughtering of 
cattle to processing of other animals such as sheep and pigs. 
 
2.2.1  Pre-handling of the Animal 
 
 The animals to be slaughtered (beef cattle, pigs, sheep) are delivered to the abattoir in 
trucks, and held for one to two days in holding yards/pens. They are generally fasted for 
a day to reduce the amount of intestinal contents. Any cattle classed as ‘dirty’ are 
washed before taken for slaughtering. 
 
2.2.2  Stunning and Bleeding 
 
The animals, cattle, pigs or sheep are stunned using a bolt pistol or electric shock or by 
anaesthetising in carbon dioxide, after which they are bled. Bleeding, also referred to as 
sticking, is carried out using a hollow knife, which directs the blood to a collection 
trough, from where it is pumped to an agitated tank for further processing. 
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2.2.3  Dressing and Hide Removal 
 
The bled carcasses are conveyed to the slaughter hall where dressing and evisceration 
take place. The first stage of this process, dressing, can be performed as the carcass 
hangs from the overhead rail, or the animal can be unshackled and laid in a cradle. The 
head and hoofs are removed, the head is cleaned with water, and the tongue and brain 
are recovered.  Hides are then removed and conveyed to the hide processing area, where 
they are preserved by salting or chilled on ice. At various stages in the process, inedible 
by-products such as bone, fat, heads, hair and condemned offal are generated. These 
materials are sent to a rendering plant either on site or off site for rendering into feed 
materials and tallow. 
 
2.2.4  Evisceration 
 
The carcasses are then opened to remove the viscera. The stomach (paunch) and 
intestines are emptied of manure and cleaned in preparation for further processing. 
Edible offal (tongue, lungs, heart and liver) is separated, washed and chilled. The 
carcasses are then split, rinsed and then conveyed to a cold storage area for rapid 
chilling. 
 
2.2.5  Cutting and Boning 
 
Carcass cutting and boning often take place after chilling, since a carcass is easier to 
handle and cut when it is chilled. Boning is the term used to describe the process of 
cutting meat away from the bone.  Recent developments in processing technology have 
made it possible to undertake boning while the carcass is still warm, eliminating the 
need to chill the carcass at this stage in the process. This is referred to as ‘hot boning’. 
By doing this process, condensation liquid generation can be avoided.   9
Beef Cattle 
Reception and 
washing if necessary 







 (head, hoof and 
hide removal)  Hide 
preservation 








Chilling  Condensate/floor wash
Paunch content 
composting 




consumption  For treatment 
 
Figure 1: Flow diagram of wastewater generation from a typical meat processing 
industry  
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2.2.6  Inspection 
 
Carcasses and viscera are inspected to determine if they are suitable for human 
consumption. 
 
2.2.7  By-products 
 
At various stages in the process, inedible by-products such as bone, fat, heads, hair and 
condemned offal are generated. These materials are sent to a rendering plant either on 
site or off site for rendering into feed materials.  The treatment of wastewater from 
abattoirs and associated industries is a sequential process comprising a number of 
integrated stages.  The main stages are: 
•  minimisation of water use through good plant design and operation including 
house keeping 
•  primary treatment in which fats and solids are removed 
•  secondary treatment in which bacteria and algae break down the organic matter 
•  re-use or disposal. 
 
Further treatment can target the removal of specific hazardous or environmentally 
damaging components of the waste stream such as nutrients. 
 
2.3  Meat Processing Industry Effluent Characteristics 
 
Both the quality and quantity of wastewater generated from a meat processing industry 
are important for identification and design of the most suitable technology for its 
treatment.  The general characteristics of meat processing industry effluent after primary   11
treatment are provided in Table 1. As seen in Table 1, the wastewater from meat 
processing industry is with high nutrient and organic matter. 
 
Table 1: Characteristics of red meat processing effluent after primary treatment 
Australian Meat Industry  Parameter Units 





pH    7.3   
BOD5 mg/L  700-  4000  2000  1600-3000 
COD  mg/L  1300 - 7500    4200-8500 
Total Suspended 
Solids 
mg/L  200 – 1200  3500  1300-3400 
Total Nitrogen  mg/L  100 - 250  100-250
a 114-148 
Total Phosphorus  mg/L    20-50
a 20-30 
Fat, Oil and Grease  mg/L  100 – 1000  1700  100-200 
Temperature 
oC   35-37   
a (Greenfield and Johns 1992b). 
A recent set of data on characteristics of wastewater from two Western Australian red 
meat processing plants is provided in Table 2.  Plant 1 processes only cattle, whereas 
Plant 2 processes cattle, sheep and pigs. The BOD5, TSS, TN values of both plants 
corresponded to those of typical Australian meat processing industry effluent as 
provided in Table 1. However, the TP values of Plant 2 effluent were significantly 
different from that of typical Australian meat processing plant effluent. It may be due to 
leakage of blood to the wastewater streams in Plant 2. 
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Table 2:  Characteristics of wastewater from two Australian meat processing plants 
Western Australian Meat Plants 
Parameter Units 
Plant 1  Plant 2 
pH   7.3  6.7 
BOD5 mg/L  3600  2600 
COD mg/L    7400 
Total Suspended Solids  mg/L  2230  710 
Total Nitrogen  mg/L  224  250 
Total Phosphorus  mg/L  38  75 
Fat, Oil and Grease  mg/L  1200  950 
Temperature 
oC 41 30 
 
 The water usage in meat industry varies widely across plants depending up on the type 
of animal slaughtered, type of processing (dry or wet), water and waste minimization 
practices. Previous studies have concluded that the water usage in meat processing 
industry varies from 2 to 60 m
3/tonne of meat processed (World  Bank 1998). The 
average water consumption for meat processing industry in the United States has been 
reported to vary from 2.6 to 29.2 m
3/tonne live weight, but in Europe and UK, the 
figures ranged from 0.8 to 15 m
3/tonne live weight (Johns 1995). An Australian study 
suggested that the amount of water consumed on meat processing ranged from 4.1 to 43 
m
3/tonne of hot carcass weight produced (McNeil and Husband 1995).  
 
2.4  Meat Processing Plant Effluent Treatment Technologies 
 
The method for treatment of meat processing plant effluent consists of a number of unit 
processes viz. primary treatment, secondary treatment, advanced treatment. The treated   13
effluent is partially reused for truck wash or floor wash in some cases, and the rest is 
disposed of by land application such as irrigation. In case where land application is not 
possible, the partially treated effluent is discharged to the municipal sewers.  
 
An overview of each stage of treatment is provided in the following sections. 
 
2.4.1  Primary Treatment 
 
Primary treatment is normally a physical or a chemically aided physical process.  This 
process is applied to remove settleable and flotable material. This is first of the “end of 
pipe” processes and does not refer to any waste- minimisation or recovery systems used 
in the plant itself (MIRINZ 1991). 
 
Effective primary treatment is very important since inadequate treatment at this stage 
would allow large quantities of solids to enter into the secondary treatment system.  
Subsequent bacterial breakdown of the solids liberates large quantities of nitrogen (as 
ammonium ions) and phosphate into the liquid phase, which adversely affects the 
efficiency of the secondary treatment system or the cost of operating the secondary 
treatment system.   
 
Large quantities of nutrients may also be introduced into the ponds if blood recovery in 
the abattoir is not efficient.  Raw blood is extremely high in nitrogen and phosphorus, 
due to its considerable protein content (15% by weight).  Efficient blood recovery in the 
abattoir is therefore required to reduce the nutrient load on the wastewater treatment 
system. 
   14
In modern abattoirs, the production of both solid waste and the release of blood is 
limited as most of the by-products, many of which are not suitable for human 
consumption, are further processed at a rendering plant (on-site or off-site) to useable 
products such as animal feed, tallow and blood meal.  This means that the nutrients can 
be transported off-site as products.  If a rendering plant is not available, the solids can 
be used for composting or disposed of to an approved landfill site.   
 
Table 3 provides a summary of common methods used for pre-treatment/primary 
treatment of meat processing effluent. 
 
2.4.2  Secondary Treatment 
 
Secondary treatment of meat processing effluent is the next step after primary treatment. 
In small abattoirs they do not have expensive primary treatment system such as 
dissolved air flotation (DAF) or filtration. They have normally coarse solid separation 
systems such as screens, and the wastewater is directly discharged to the secondary 
treatment system, which normally is an anaerobic process followed by aerobic or 
aerated ponds.  A summary of the advantages and disadvantages of anaerobic treatment 
systems is presented in Table 4 .  
 
2.4.2.1 Anaerobic Ponds 
 
Anaerobic treatment ponds are ideal for abattoir effluent that has high influent BOD 
(2,000mg/L), high nutrients, a temperature of 40°C, and sufficient fat to form a natural 
crust and insulation layer on the surface of the pond.  The treatment system is simple to 
construct and operate, and when operating correctly, commonly achieves 80% reduction 
in both BOD and Suspended Solids.   15
 
Anaerobic treatment is a two-step process as follows: 
•  Soluble organic materials are converted by bacteria to volatile acids, carbon 
dioxide, hydrogen, bacteria cells and other products. 
•  Volatile acids (primarily acetic acid) and other products are converted to 
methane and CO2 by methane-producing bacteria. 
 
As maximum bacterial growth occurs at 35
oC, the design of the pond must cater for 
variations in atmospheric temperature throughout the year.  The temperature of effluent 
from abattoirs helps in this regard since it is in the vicinity of 40°C.  The maintenance 
of this warm temperature in the anaerobic pond is assisted by pond depth (4m to 7m), a 
small surface-to-volume ratio and the insulating surface crust that forms over the pond.  
The crust also assists in reducing odour as the crest itself performs as an aerobic filter 
that oxidises sulphides.  A pH range of 6.5 to 7.8 (preferably 7.0 to 7.2) is also 
important to the proper operation of anaerobic ponds. 
 
2.4.2.2 Aerobic Ponds  
 
Conventional aerobic ponds are large shallow ponds (depth up to 1.5m) in which both 
algae and bacteria further break down organic matter.  In these ponds the amount of 
oxygen available for bacteria is maximised.  Oxygen enters the liquid through 
atmospheric diffusion and is also produced by algae through the process of 
photosynthesis. The algae in turn, use the nutrients and carbon dioxide released by the 
bacterial action.  The algae assist in stabilising the pond since they use carbon dioxide, 
sulphates, nitrates, phosphates, water and sunlight to synthesise their own organic   16
cellular matter and give off oxygen.  However, algae can also be a nuisance and 
therefore their abundance is controlled (MIRINZ 1991). 
 
The algae do not remove nitrogen or phosphorus to any significant extent since when 
the algae die they release their organic matter back into the pond.  A summary of the 
aerobic ponds are provided in Table 5. 
 
2.4.2.3 Aerated Ponds 
 
Aerated aerobic ponds are generally a lined circular impoundment with a depth of 1.8m 
to 4m and a retention time of 5 to 20 days. The ponds work by the mechanical agitation 
of the pond to introduce large quantities of oxygen into the water to optimise growth 
and production of aerobic bacteria, which in turn reduce BOD5.  A typically designed 
aerated aerobic pond could achieve 80-85% BOD5 removal and depending on the HRT, 
nitrification as well. 
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Table 3:    Common methods of pre-treatment of meat processing wastewater 
Method of 
Removal  Description Advantages  Disadvantages  Comments 
Sedimentation 
Tanks (Metcalf 
and Eddy 2003) 
Settlement of solids due to reduction 
of flow rates 
•  Inexpensive 
•  Minimal maintenance 
•  Low tech. Operation 
•  Large land area required 
•  High risk of solids carryover 
•  Low efficiencies 
•  Settled solids are usually 





Classification of particles based on 
density relying on high speed rotation 
of water 
•  Space effective 
•  Easily to control 
•  Quick to implement 
•  Simple & well understood 
•  Solids may cause odours 
•  Limits on particle size and 
density removed 
•  Not very effective for organic 
particles.  
•  Hydro-cyclones are the most 
cost effective, however only 
remove heavier solids 
Screening 
(Husband 1992b) 
Intercept and direct to solid waste 
stream solid particles.  Includes; 
•  Fixed screen 
•  Rotating screen 
•  Drum screen/ 
       thickener 
•  Space effective 
•  Easily to control 
•  Quick to implement 
 
•  Solids may cause odours 
•  Solids removed depend on 
screen size 
•  High grease loading or presence 
of fibrous solids may bind 
screen 
•  Limits on particle size and 
density removed 
•  Most widely used pre-
treatment process 
•  Removes a range of mainly 
larger  solid particles (meat 




Varied, including passing waste 
streams through media such as sand 
•  Space effective 
•  Easily to control 
•  Quick to implement 
 
•  Solids may cause odours 
•  Difficulty in coping with solids 
build up in filter 
•  Limits on particle size and 
density removed 
•  Not commonly applied to 
waste streams with organic 
readily putrescible solids.  
Several advanced systems are 




Air is injected into the effluent and 
held under pressure before final 
release.  Expanding bubbles adhere to 
and carry suspended solids to the 
surface where they are removed. 
•  High efficiency over a wide 
range of grease, oils and solids 
•  Tolerates shock loads 
•  allow removal of nutrients 
 
•  Expensive compared to biol. 
systems 
•  Produces a sludge of approx 
10% solid for disposal 
•  operator  
•  Sludges normally require 
additional dewatering prior to 
economic disposal.  





Table 4:  Summary of conventional & high rate anaerobic biological treatment of meat processing industry effluent 
 
Method of Removal  Description  Advantages  Disadvantages  Comments 
Anaerobic ponds (low 
rate) 
(GHD 1998; Metcalf and 
Eddy 2003) 
Involves treating the 
wastewater in a deep pond   
Loading rate:0.3 kg BOD5/m
3/d 
for uncovered pond; 
0.6 to 2.4 kg BOD5/m
3.d for 
covered pond 
Detention Time: 5 to 20 days 
Depth: 3 to 6 m 
Sludge formation: 
0.1 kg/kg COD removed/y 
•  Produces lower levels of 
biological sludges  
•  Potential for collection 
of methane gas produced 
for energy production 
•  Inexpensive 
•  Minimal maintenance 
•  Low tech. operation 
•  Can tolerate fluctuations 
of strength and flow 
 
•  Large land area required 
•  Slow rate (therefore 
large volume) 
•  Subject to upsets 
•  Long time to stabilise 
after upset 
•  Malodours often if no 
scum cover is present for 
uncovered ponds. 
•  Traditionally used for high 
concentration, high volumetric 
flow wastewater from meat 
processing industry. 
•  Many red meat processing 
facilities in Australia use 
anaerobic ponds. 
•  Highly effective in high 
temperature. 
 
Anaerobic reactor (high 
rate) 
 
(Greenfield and Johns 
1992a) 
Anaerobic system, but rely on 
retention of the microbial 
population by one of a number 
of methods, including ; 
•  Fixation on support media 
•  Fixation on fluidised bed 
•  Sludge blanket 
 
•  Various, depending 
upon the technology 
applied 
•  High rate of digestion 
•  Can treat high strength 
waste 
•  Small land requirement 
•  Cost effective (against 
other intensive systems) 
•  Various, depending 
upon the technology 
applied 
•  Requires regular 
operator intervention 
•  Requires trained 
operators 
•  High capital costs 
(some) 
•  Significant operating 
costs 
•  More prone to upset. 
•  Considerable time to 
recover from upsets 
•  Hybractor combined sludge 
blanket/ fixed media reactor 
 
•  Upflow Anaerobic Sludge 
Blanket Reactor (UASB) 
 







Table 5:  Summary of aerobic treatment systems for meat processing industry effluent treatment 
 
Method of 




Ponds/lagoons where oxygen is transferred 
biologically by algae or physically by wind, 
and direct diffusion. Normally aerobic ponds 
follow facultative ponds which follow 
anaerobic ponds. BOD5 loading is 22-68 
kg/BOD5/ha/day.  
 
Shallow depth (1 to 2 m) 
•  More reliable 
•  Less prone to upset 
•  Low risk of odour 
generation if influent 
BOD5 is less 200 
mg/L. 
 
•  higher volumes of sludge generated 
•  cannot handle high strength waste 
•  Traditional low rate aerobic 
systems usually consist of one or a 
series of lagoons with a residence 
time of several weeks to a month. 
 
Aerated Ponds  Aerobic systems that rely on increasing 
breakdown rates by increasing oxygen 
availability to aerobic flora and fauna. These 
ponds/lagoons work on the principles of 
suspended growth systems (activated sludge 
process). 
•  Various, depending 
upon the technology 
applied 
•  High strength wastes 
can be treated 
•  Compact plant 
•  Cost competitive 
•  Various, depending upon the 
technology applied 
•  Less stable nature of operation 
•  Requires occasional operator 
intervention 
•  Requires trained /semi-trained 
operators 
•  Significant operating costs (some) 
•  More prone to upset (some). 
•  Considerable time to recover from 
upsets (some) 
•  Lack of control (some) 
•  Aerated lagoons supplement 
available oxygen by artificial 
means 
•  Power consumption can be 
considerable.  
•  For fully mixed, 2.3 to 2.9 W/m
3 is 
required. 






2.5  Nutrient Removal 
 
Nutrient removal from abattoir wastewater has gained importance recently since the 
regulatory authorities have made stringent criteria for nitrogen and phosphorus 
discharge to the environment. The discharge criteria are site specific, and also depend 
on the treated water disposal methods. For example, disposal to surface waters requires 
higher removal than disposal via land irrigation methods. For disposal via land 
irrigation, the application rate for nutrients is a function of soil properties and the type 
of vegetation and the location of the irrigated land (if in a drinking water catchment area 
or a wetland or similar sensitive areas). In many circumstances, the land required for 
irrigating nutrient rich effluent is not available or providing larger irrigation areas is not 
economical. In such cases, nutrient removal is required as part of the wastewater 
treatment.   
 
2.6  Treated Effluent Disposal  
 
2.6.1  Irrigation Disposal 
 
Typical method of treated effluent disposal for meat processing industry effluent is by 
way of irrigation. Treated effluent applied to pasture is taken up by the plants.  Some of 
the applied water is lost to atmosphere by evaporation and evapotranspiration.  A part of 
the nutrients in the water will also be taken up by the plants and used for growth or may 
be retained in the soils.  Application rates can be calculated to ensure that the 
groundwater system is not contaminated with excessive nutrients and soil chemistry 




There are three types of land disposal systems, all of which use the natural physical, 
chemical, and biological processes within the soil, plant, and water matrix to provide 
further treatment of the wastewater.  The Slow Rate (SR) and Rapid Infiltration (RI) 
processes use the soil matrix for treatment after infiltration of the wastewater.  The 
major difference between these processes is the rate at which the wastewater is loaded 
onto the site.  The Overland Flow (OF) process uses the soil surface and vegetation for 
treatment, with the treated effluent collected as runoff (Green 1992b).  
 
SR systems are the predominant form of land treatment of municipal and industrial 
wastewater because they involve the lowest loading rates and can be applied to the 
widest range of soil types.  The technology employed is similar to that of conventional 
agricultural irrigation.  The SR system is capable of removing organic nitrogen, 
ammonia nitrogen, nitrate nitrogen, and phosphorus. 
 
Crop selection is very important in the SR disposal process as different crops remove 
different amounts of nitrogen, allow different wastewater infiltration rates, and have 
different economic values.  Other selection characteristics of importance include 
evapotranspiration rates, water tolerance, salinity tolerance, and ease of management 
(minimal cultivation and harvesting requirements).  Forage or tree crops are generally 







2.6.2  Release of Treated Effluent to the Sewerage System 
 
If the local sewage treatment plant has the capacity for additional hydraulic, organic and 
nutrient loading from a meat processing plant, it may accept partially treated or tertiary 
treated effluent from the plant. The acceptance criteria depend on the distance between 
the treatment plant and the meat processing plant and the capacity of the treatment 
plant, annual cost for BOD5, and nutrient load. 
 
 In some cases, about 35% or above water will be recycled or reused for low grade 
applications in the meat plant itself and the remaining parts will be disposed of via 
irrigation method or to the nearby sewage treatment plant. It is very rarely that permits 
are provided to discharge to nearby surface waters. 
 
2.7  Constructed Wetlands for Meat Processing Effluent Treatment 
 
There have been a limited number of constructed wetlands systems (mainly surface flow 
wetlands) installed for meat processing effluent treatment in New Zealand, but there is 
no published literature on application of constructed wetlands for meat processing 
effluent treatment in Australia  (GHD 1998; MIRINZ 1991). Recently there are a few 
papers on application of subsurface flow wetlands post anaerobic ponds for meat 
processing effluent treatment in different countries and one of that is Mexico (Gutiérrez-
Sarabia et al. 2004).  One of the major constraints for application of wetlands is 
expected blockage of pores due to suspended solids content in the raw effluent (Johns 
1995). Proper preliminary treatment and appropriate consideration for preventing 
potential blocking in the design of wetlands can effectively overcome any potential 
blockage problem.  
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2.8  Conclusions 
 
Meat processing industries produce large quantities of high strength wastewater, which 
requires high level of treatment before disposal. The typical treatment includes 
engineered natural system such as a pond treatment system with or without mechanical 
aeration systems. Use of coarse solid separators such as rotary screens provides a good 
primary treatment and is beneficial for downstream treatment. Application of 
constructed wetland systems is not common for meat processing effluent treatment in 
Australia. Typically treated effluent is disposed of by way of land irrigation or via 
discharged to the sewer system.  
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CHAPTER 3 




    
The major mechanisms for wastewater treatment in sub-surface flow constructed 
wetlands (SSF-CW) are physical, chemical, biological and ecological processes. The 
paper reviews the latest developments in the design methods of SSF-CW system for 
organic carbon removal. Conventional plug flow exponential decay model, background 
concentration model and time dependent rate constant models were applied for a typical 
situation and the land area required for each case is calculated. The limitations of these 
design methodologies are discussed. 
 
3.1  Introduction 
 
A constructed wetland (CW) treatment system is an engineered system, based on the 
principles of both physical and natural sciences to treat wastewater to the desired 
standards for safe disposal to the environment. A sub-surface flow constructed wetland 
(SSF-CW) system also known as Root Zone system is a type of treatment wetland, 
where wastewater flows laterally or vertically through a porous media.  
 
The components of the SSF-CW system are emergent wetland vegetation, bed media, 
inlet and outlet structures, and an impermeable liner (in the case of non-clayey soils) to 
prevent contamination of groundwater. The emergent vegetation is planted on the 
wetland bed of media, which ranges from coarse gravel to sand. The depth of the bed  
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ranges from 0.45 m to 1 m and the slope of the bed is typically <1 percent (Crites and 
Tchobanoglous 1998). Typical plant species used in SSF wetlands include common reed 
(Phragmites australis), cattail (Typha spp.), and bulrush (Scirpus spp.) (Kadlec and 
Knight 1996).  
 
The advantages of an SSF-CW system over and equivalent free water surface 
constructed wetland system are the requirements of smaller land areas, higher treatment 
efficiency, avoidance of odour and mosquito problems. However, the increased cost due 
to the gravel media and the potential for clogging of the media are major disadvantages. 
It exploits the self-regulating capacity of complex natural systems to good advantage. It 
only requires a low input for maintenance. 
 
An SSF-CW system is subdivided into horizontal and vertical flow systems based on 
the hydraulic flow pattern. Generally, an SSF-CW system refers to a more popular 
horizontal flow (HF) system. In the case of a horizontal flow system, wastewater is fed 
in at the inlet and flows slowly through the porous medium under the surface of the bed 
in a more or less horizontal path until it reaches the outlet zone, where it is collected and 
discharged.   
 
Vertical flow (VF) systems are the same as HF except for the flow and feeding pattern. 
VF systems are fed intermittently. The wastewater is dosed on the bed in a large batch, 
flooding the surface. It should be noted that the application of wastewater is similar to a 
slow rate land treatment system. The liquid then gradually drains vertically down 
through the bed and is collected by a drainage network at the base. The bed drains freely 
by gravity, allowing air to refill the bed. The next dose of liquid traps this air and this 
together with aeration caused by the rapid dosing on the bed leads to good oxygen  
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transfer, hence increase the ability to decompose BOD5 and to nitrify ammonia nitrogen 
(Kadlec et al. 2000). In HF SSF-CW systems, the air translocation to the treatment bed 
occurs mainly from atmospheric diffusion at the top layer and through plant roots, 
which are mentioned in detail below. It is important that for both HF and VF systems to 
meet the design objectives, the systems have to be designed from first principles, and all 
factors including oxygen availability, pH, alkalinity, and availability of a carbon source 
for denitrification should be taken into account. Failures attributed to any particular 
system to meet a particular effluent target should be assessed in terms of proper sizing, 
rather than the failure of the technology itself. 
 
There have been major studies on different aspects of SSF-CW systems including 
kinetics of removal of pollutants including dissolved organic carbon, nitrogen, 
phosphorus and pathogens and their potential application for different types of industrial 
wastewater.   
 
The objectives of this chapter are to review processes that take place in horizontal, sub-
surface flow constructed wetland systems treating wastewater and to critically analyse 
design methods for organic material or BOD removal.  
 
3.2  Treatment Mechanism 
 
There have been different theories on the treatment mechanisms of both organics and 
nutrients, which resulted in different design methodologies for SSF-CW systems. 
However, the general methods of treatment in SSF-CW system could be attributed to 
physical, chemical, biological and ecological processes. A summary of major 
mechanisms by which removal of total suspended solids (TSS), BOD5, ammonia, total 
nitrogen (TN), phosphorus (P) and heavy metals take place is provided in Table 6.  
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Most of the processes in the Table 6 are self explanatory. Suspended solids are removed 
by filtration and sedimentation, near the inlet zone. Phosphorus removal takes place 
mainly by adsorption of phosphate onto the surface area of media and root structure of 
vegetation, which is a physical process and it will reach saturation over a period of time. 
In some cases, the effluent P was found to be greater than the influent because of 
desorption (Richardson and Craft 1993).  
 









TSS, BOD5, P, TN 
TSS, BOD5, bacteria  







P, TN, Heavy metals 
P, TN, Heavy metals 
BOD5 
BOD5, TN, Heavy 
metals 





BOD5, TN, bacteria 
 








Heavy metals, TN, P 
Heavy metals 
TN, TP 
  (Kadlec and Knight 1996; Liehr et al. 2004; Payne 2002) 
 
Volatilisation of ammonia takes place when the pH of the liquid becomes above 8, 
which is mostly controlled by the pH of the influent itself. Nitrogen removal in 
constructed wetlands through ammonia volatilisation is reported to be about 37 gN/m
2/y 
(given the right redox, pH and ammonia concentrations) and through nitrification-
denitrification pathway is about 690 to 1100 gN/m
2/y (Vanoostrom and Russell 1994),  
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which is very substantial compared to volatilisation. However, the limiting factors 
observed in many wetland systems for achieving nitrogen loss through denitrification 
are insufficient nitrification due to oxygen limitation and lack of a readily available 
carbon source for denitrification (Reddy and Patrick 1984), in addition to possible 
alkalinity constraints (7.14 g of alkalinity as CaCO3 is required for each g of ammonia 
nitrogen (as N) converted). 
  
Co-precipitation and crystallisation of ammonia and ortho–phosphate together with a 
metal ion such as Mg, can be a major mechanism for nutrient removal in SSF-CW 
systems provided all the constituents are available in proper molar concentrations. 
However, there have been no reported cases of such removal processes in SSF-CW 
systems in the literature. 
 
The reduction of BOD5 and nutrients as well as other contaminants takes place in a SSF 
wetland cell due to interactions of the above pathways. However, no current designs of 
the SSF-CW system incorporate all the above pathways of contaminant removal, and 
the main consideration in the design equations has been the biological mechanisms.  
Also, some of the mechanisms, such as ecological, are considered to be of minor 
significance to be taken into account in the design and performance evaluation. 
  
3.3  Oxygen transfer mechanism 
 
One of the advantages of constructed wetland systems is that oxygen transfer is attained 
via natural means instead of energy, capital and high maintenance intensive mechanical 
aeration methods. This has also contributed to an over-emphasis of the ability of 
wetland plants to translocate oxygen to their root system and then into the rhizosphere.  
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In conventional wastewater treatment systems such as activated sludge or trickling 
filter, where aeration requirement and sizing of compressors or blowers have become 
standard procedures. However, in constructed wetland systems, designs accounting for 
aeration, which is required for both BOD5 removal and nitrification, are not a standard 
practice. 
 
Two dominant routes have been reported for oxygen transport from air to constructed 
wetland systems: (1) oxygen release from plant roots based on Knusdsen diffusion and 
(2) atmospheric oxygen diffusion. It has long been assumed that plant-based O2 
transport was the major pathway and the atmospheric oxygen diffusion is negligible 
(Grosse 1991; Wynn and Liehr 2001). There is no specific study of oxygen transport 
from air to water moving in a gravel bed (Kadlec and Knight 1996). However, recent 
experimental research on SSF-CW cells has shown that oxygen transfer to wetlands is 
dominated by atmospheric oxygen diffusion and that little oxygen actually escapes from 
plant roots to the anaerobic surroundings (Wu et al. 2001).  
 
The oxygen transport through plants range from 0.02 to 12 g/m
2 wetland plan area/d and 
by direct diffusion of 6.01 to 7.92 g/m
2.d (Wu et al. 2001).  Certain plant species have 
been reported to have higher oxygen transport capabilities. For example, bulrushes have 
higher rates of O2 transport and more oxidized sediments than cattails (Reddy et al. 
1989).  However, in most cases the oxygen transferred to the wetland system through 
both macrophyte roots and atmospheric diffusion would be relatively small compared 
with the amount of oxygen required to oxidise carbon (BOD5 removal) and ammonia in 
wastewater. The higher reductions of BOD5 and ammonia in wetland systems might be 
a result of other mechanisms in the system.  
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Providing a completely aerated wetland bed for carbon removal and nitrification may 
not be economical if air transfer is based entirely on plants and direct diffusion. Batch 
fed vertical flow system and modified sequencing batch type systems such as tidal flow 
system, provide extra aeration to the beds. By completely draining the wetland cell after 
each cycle, the voids and porous media will be filled with air. When flow occurs next 
time, the entrapped air mixes with water and provides additional aeration (Sun et al. 
1999).  This is a promising method especially for carbon and nitrogen removal from 
concentrated agricultural and industrial wastewater. 
 
Further studies are required for understanding the oxygen transfer mechanism and 
effectively using both the anaerobic, anoxic and aeration processes for reduction of 
carbon and nitrogen oxygen demand.  
 
3.4  Wetland Design Models 
 
The existing wastewater wetland design models are simplistic and lump large numbers 
of known intrinsic wetland processes into one removal rate and involve a large amount 
of empiricism. Such models are often considered as modified from microbial 
wastewater treatment processes such as activated sludge treatment (Reed et al. 1995).  
First-order kinetics and plug flow reactor models have been used in the design (Cooper 
et al. 1990) and simplified models have been used to predict background nutrient values 
(Kadlec and Knight 1996). However, in these models the importance of microbial 
growth on nitrogen and carbon cycling is not explicitly addressed (Bavor et al. 1989; 
Reed 1990).  By assuming transformations, such as nitrification and denitrification, are 
dependent only on initial concentration (N or BOD), without incorporating microbial 
metabolism and growth, these models often produce inadequate descriptions of 
pollutant removal (King et al. 1997). On the other hand, there are more complex  
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models, which also do not model microbial dynamics explicitly, require extensive input 
data and are not practical for engineering applications (Buchberger and Shaw 1995). 
 
In this chapter, the current models for BOD5 removal in SSF-CW systems are reviewed. 
A comparison of the required area predicted for wetland cells by different models for a 
typical case is also discussed. 
 
(Watson et al. 1989) proposed a design model based on attached growth biological 
reactor. First-order plug flow kinetics was assumed in the design for removal of BOD5, 
nitrification and disinfection.  
 
The basic equation for BOD5 removal is defined as: 
 
() τ T K
e e C C
− = 0   1
 
where,  C0  and  Ce are influent and effluent BOD5 concentration, KT is first order 
temperature dependent rate constant,  τ is the hydraulic residence time, which is a 




Vv = τ    2
LWdn Vv =   3
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where, L, W, d, n are length, width, depth and porosity respectively of the wetland cell. 
Table 7 shows the media particle sizes and corresponding values of porosity and 
hydraulic conductivity (Crites and Tchobanoglous 1998; US-EPA 1993b). 
 
Porosity may change from clogging and root development as the system ages. Normal 
design practice is to use only 10% of the hydraulic conductivity value as a safety 
measure to prevent surface overflow  (US-EPA 1988). 
 














e C C 0  
4
 
where, LW is replaced as As, the plan (surface) area.  The rate constant term KT, an 
important term in the design model, is dependent on temperature. The temperature 







T K K θ   5
 
where, T is the temperature in (
oC), θ is Arrhenius constant, which different studies use 
from a range from 1.06 to 1.1  (Kadlec and Reddy 2001; Lin et al. 2002; Shepherd et al. 
2001b; Watson et al. 1989). 
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Kadlec and Knight (1996) modified Eqn 1 with a background concentration or residual, 
non-biodegradable organic component C*, and indicated that the C* may be as high as 
18.2 mg/L.  The modified the general first order rate constant equation is expressed as: 
 











where,  C* = residual BOD5 in mg/L and Kv  = volumetric rate constant (d
-1), the 
weighted mean for Kv obtained from several case studies is 1.96 d
-1, with a standard 
deviation of 0.90  d
-1and values for C* are 9.8  mg/L and the standard deviation is 
5.6 mg/L. 
 
The simple first-order decay model presumes that all organic material in the wastewater 
is eventually degradable, however (Reed et al. 1995) noted that SSF-CW system 
effluent BOD5 would typically range from 2 to 7 mg/L rather than zero as predicted by 
the model.  
 
Table 7: Porosity and hydraulic conductivity of different bed media in SSF-CW 








Medium sand  1  30  500 
Coarse sand  2  32  1000 
Gravelly sand  8  35  5000 
16 38  7500 
32 40  10,000  Medium Gravel 
128 45  100,000 
(Crites and Tchobanoglous 1998; US-EPA 1993b) 
 
Shepherd et al. (2001a) defined a time dependent rate constant k, suitable for designing 
treatment systems for waste streams containing multiple constituents of variable ease of 
degradation. The more easily degraded compounds are removed first, leaving a solution  
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containing compounds that are more difficult to degrade and exhibit slower removal 
kinetics. Assuming continuous change in solution composition, the change in apparent 








o   7
 
where, Ko is the initial degradation rate constant (d
-1) and b is time-based retardation 
coefficient (d
-1). Incorporating Eqn. 7 into a simple plug flow model, 


























and the optimal values Ko range from 9 to 12 d
-1 and 2 to 5 d
-1 for b for high strength 
winery wastewater. This rate constant is almost 7 to 8 times higher than reported values 
in the literature. The authors concluded that this higher rate constant was due to the 
constituents of winery wastewater, which are easier to degrade relative to the 
constituents of municipal wastewater, which contain appreciable oil and grease 
concentrations compared with winery wastewater (Shepherd et al. 2001b). 
 
Table 8 shows different values for K20  used in the literature and calculated from 
published results of performance of SSF-CW systems treating sewage.  
 
Figure 2 shows the land area required for an SSF-CW system with a bed thickness of 
0.5 m, for treating 100 m
3/d of wastewater from an influent BOD5 of 300 mg/L to an  
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effluent value of 20 mg/L, using Equations 4, 6 and 8 with values of rate constant and 
porosity taken from Table 8. The temperature was assumed to be 20
oC.  The land area 
obtained using the above three design models ranges from 235 m
2 to 1,800 m
2, which is 
a wide variation. This shows the limitation of the present design methods. However, the 
land areas needed for the above case study, based on the oxygen requirement for BOD5 
reduction and combined oxygen transport through plants and direct atmospheric 
diffusion for both minimum and maximum values of 6.03 g/m
2/d and 19.92 g/m
2/d (Wu 
et al. 2001), are estimated as about 7140 m
2 and 2160 m
2 respectively.  This shows that 
even the maximum area estimated using Eqn. 4 and a K20 of 0.86 d
-1 would not satisfy 
the area required for fully aerated SSF-CW systems. This indicates that in an SSF-CW 
system, anaerobic pathway is also a major mechanism for carbon removal. It should be 
noted that in free water surface wetlands, which can be described as a modified algal 
pond system where emergent vegetation is also included, oxygen transfer due to 
photosynthetic activity may provide an aerobic zone during day time. However, in the 
case of SSF-CW photosynthetic oxygenation is not possible as light penetration is 
restricted in the wetland bed.  
Table 8: Rate constants for BOD5 removal for SSF-CW system 
No K20  (d
-1) Porosity Source 
1 0.86  0.35 
2 1.35  0.39 
3 1.84  0.42 
(US-EPA 1988) 
4 1.104  0.25-
0.45  (Reed and Brown 1995) 
5  0.87  0.4  Computed from (Lin et al. 2002). 
6 1.96  0.35  C* = 9.8 mg/L 
(Kadlec and Knight 1996) 
7 9  0.35  b = 2 d
-1 (Shepherd et al. 2001b) (for 
winery wastewater) 
 
 As in most of the reported case studies, all the design parameters of the systems such as 
porosity, volume of wastewater, retention period are not included, a general comparison 
of all designs and their performance is not possible. Using a very low value of rate  
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constant would result in very high land area requirement, which in actual case may not 


























♦   Equation 4 with K20 & n from table 3, No 1-5
▲ Equation 6 with K20, n & C* from table 3, No 6
■   Equation 8 with K20, n & b from table 3, No 7
 
Figure 2:  Relationship between rate constant for BOD5 removal and treatment area  
 
As the treatment processes that occur in an SSF-CW are unlike standard treatment 
systems such as activated sludge treatment plant or up-flow sludge blanket reactor, and 
the processes are complex and interlinked, the determination of rate constant is also 
complex. The rate constants determined for activated sludge processes cannot be used 
for SSF-CW due to the difference in processes that take place in the SSF-CW system.  
Also, the conventional method of determining rate constants cannot be applied in the 
case of an SSF-CW system.  
 
3.5  Conclusions and Recommendations 
 
SSF-CW technology is emerging as an ecologically sustainable alternative treatment 
system for both municipal and industrial wastewater treatment. SSF-CW systems 
require less land area and are considered to be an efficient method in comparison to free  
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water surface constructed wetland systems. The treatment mechanisms involved in an 
SSF-CW system are physical, chemical, biological and ecological processes. The 
current design methods do not involve all the processes that take place in an SSF-CW 
system. 
 
Plug Flow exponential decay method is employed for SSF-CW system design. 
Background concentration method and time–dependent rate constants are the modified 
version of the basic design. The first-order decay constant, which is a major factor in the 
determination of wetland plan area, varies substantially in different studies. The rate 
constant for agro-industrial wastewater may be 6 to 8 times greater than that of sewage. 
Further research is needed to develop suitable design methods for application of SSF-
CW technology for meat process effluent treatment.  Also, the effect of high strength 
wastewater such as meat process effluent in vegetation is to be investigated. If the SSF-
CW is used as a nitrogen stripping system, then there would be different zones such as 
nitrification zone and denitrification zone. The effect of these zones in carbon removal 
is to be further studied.   
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Chapter 4 





Transformations of nitrogen in sub-surface flow constructed wetland (SSF-CW) 
systems are explained in this chapter.  A simple statistical model for nitrogen removal 
based on input and output data does not provide replicable model for nitrogen removal 
in SSF-CW systems. Nitrification and denitrification are identified as major processes; 
plant uptake has a very limited role for high strength wastewater such as meat 
processing effluent, but may have a major role in low nitrogen effluent.  
 
4.1  Introduction 
 
Sub-surface flow constructed wetlands (SSF-CW) have been used for organic carbon 
removal of sewage, stormwater and non-point source run-off for the past three decades 
and more recently for secondary treatment of high strength wastewater such as landfill 
leachate, agro-process industry effluent such as wineries, meat processing and similar 
industries (Ash and Truong 2003b; Kadlec and Knight 1996; Vymazal 1995). However, 
the removal of nutrients, particularly nitrogen (N), is often unreliable, and typically less 
than desired, and the transformations of nitrogen in wetlands systems are still not well-
understood (Liu et al. 2005). 
 
The objective of this chapter is to review the current literature on various processes of 
nitrogen removal using SSF-CW systems.  
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Earlier promoters of constructed wetlands assumed that nitrogen removal was an 
integral part of the treatment process and in many developments, SSF-CW systems were 
installed as a polishing step.  With high nitrogen in secondary treated effluent, the 
“default” removal of N from wastewater by SSF-CW systems which were primarily 
designed for carbon removal was not sufficient to meet the requirements of N removal, 
when there was an effluent N standard. Typically SSF-CW systems are considered to be 
attached growth biological reactors but designed based on assumptions of plug-flow 
hydrodynamics and first order removal kinetics for ammonia nitrogen removal (Reed 
and Brown 1995).  
 
A typical design equation depicting ammonia nitrogen removal along the length of the 
wetland is as follows: 
 
τ T k
in out e C C
− =   9
 
where   Cout    =   effluent concentration (mg/L) 
Cin   =     effluent concentration (mg/L) 
kT   =   first order rate constant (d
-1) 
τ  =   hydraulic residence time in the cell (d). 
 
The reaction rate constant in Eqn. 9 is generally derived from statistical analysis of 
ammonia-N concentrations of the CW.  However, the variation of concentration of 
ammonia across the length of the wetland cell is not accurately predicted by first order, 
plug flow empirical design equation, especially within a short distance from the inlet 
(Dahab et al. 2001).  
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The design equations for SSF-CW do not actually include all the process mechanisms of 
nitrogen removal, in contrast to conventional nutrient removal systems such as 
suspended growth systems or attached growth systems. The background limit model 
developed by Kadlec and Knight also considered nitrogen removal aspects for design of 
SSF-CW (Kadlec and Knight 1996).  However, their design model does not take into 
account the process mechanisms of nitrogen removal, though their book dealt with the 
available information on nitrogen removal processes in a separate chapter. 
 
A detailed understanding of transformations of N during treatment of wastewater in 
SSF-CW systems is important to design a nitrogen removal wetland system, rather than 
using rules of thumb, based on intuition and analogs. In the past five years or so, a 
number of papers have been published on fundamentals of N removal in SSF-CW, and 
the methods by which a highly efficient N removal process can be developed with SSF-
CW system without a large footprint or capital investment. 
 
There are a number of  processes that affect the removal and retention of nitrogen 
during treatment in an SSF-CW system including ammonification, ammonia 
volatilization, nitrogen fixation, plant and microbial uptake, nitrification, denitrification, 
nitrate-ammonification, anaerobic ammonia oxidation (ANAMMOX), fragmentation, 
sorption/desorption, burial and leaching (Vymazal 2005).   
 
A graphical representation of the major components of transformation of nitrogen in 
SSF-CW systems was presented by Tanner et al. (2002) as shown in Figure 3. 
According to this work, nitrate reduction to ammonium and formation of organic N 
from ammonia has little effect in overall nitrogen mass balance in an SSF-CW system. 
Microbial biomass N, and sediment storage and sorption are considered to be in steady  
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state. The major processes that affect the nitrogen removal from high nutrient 
wastewater such as meat processing effluent in SSF-CW can be concluded as 
ammonification or mineralization, nitrification and denitrification.  
 
 
Figure 3:  Schematics of transformation of nitrogen in SSF-CW (Tanner et al. 2002).  
 
4.2  Ammonification 
 
Ammonification or mineralisation as in Figure 3 is the biological transformation of 
organic nitrogen to ammonia (or ammonium) and is the first step in mineralization of 
organic nitrogen. This process occurs through microbial breakdown of organic tissues 
containing amino acids, through excretion of ammonia directly by plants and animals, 
and by hydrolysis of urea and uric acid (Kadlec and Knight 1996).  Breakdown of plant 
roots can also cause ammonification. 
 
The conversion of ammonia from organic forms is through a complex, energy releasing, 
multi-step, biochemical process, where in some cases, this energy is used by microbes  
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for growth and thus ammonia is directly incorporated into microbial biomass.  Almost 
100% of organic nitrogen in many wastewaters is readily converted to ammonia 
(Gutiérrez-Sarabia et al. 2004), which has a faster reaction rate than nitrification .  
 
In conventional biological treatment system design, ammonification of soluble nitrogen 
is typically treated as a first order process, the typical volumetric first order 
ammonification rate constant is 0.1 d
-1 (Kadlec and Knight 1996). However, similar to 
first order decay constant for carbon removal, ammonification rate constant is also 






T k k θ  
10
           
Where    kT =  rate  constant  at given temperature (d
-1) 
  k20   =  rate constant at 20
oC; 
  θ   =  Arrheneous constant, 1.05 (Kadlec and Knight 1996) 
 
4.3  Nitrification 
 
Nitrification is the principal transformation mechanism that reduces the concentration of 
ammonia nitrogen in many wetland treatment systems by converting ammonia nitrogen 
to nitrates (Liu et al. 2005; Sikora et al. 1995). Nitrification is a two – step, microbially 
mediated process in wetlands which is limited by the availability of oxygen. The 
nitrification process can be summarized by the following equations: 
− + + + + → + 2 2 2 4 2 5 . 1 NO O H H O NH   11
− − → + 3 2 2 5 . NO O NO   12
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The first step is mediated primarily by bacteria in the genus Nitrosomonas and the 
second stage by bacteria in the genus Nitrobacter (Metcalf and Eddy 2003). The overall 
process of nitrification can be expressed in a single equation: 
− + + + + → + 3 2 2 4 2 2 NO O H H O NH   13
 
Based on stoichiometric relationship, the theoretical oxygen consumption during the 
nitrification reaction is about 4.6 g of O2/g of NH4
+-N oxidised.  
 
The nitrification reactions release energy used by Nitrosomonas and Nitrobacter for cell 
synthesis.  Assuming that an empirical formulation of bacterial cells is C5H7NO2, the 
cell synthesis can be expressed as Eqn. 14 for Nitrosomonas and Eqn. 15 for 
Nitrobacter (Kadlec and Knight 1996; US-EPA 1993a).  
O H CO H NO NO H C HCO O NH 2 3 2 2 2 7 5 3 2 4 57 104 54 109 76 55 + + + → + +
− − +   14
O H NO NO H C O HCO NH CO H NO 2 3 2 7 5 2 3 4 3 2 2 3 400 195 4 400 + + → + + + +
− − + −   15
 
Bacterial cell yield values calculated from theoretical energy release relationship are 
0.9 gVSS/gNH4
+-N and 0.84 gVSS/gNO2
- -N. Yield values observed in 
experimentation are lower: for the oxidation of ammonia to nitrite by Nitrosomonas, 
they are 0.04-0.13 gVSS/gNH4
+-N; and for oxidation of nitrite to nitrate by Nitrobacter 
0.02-0.07 gVSS/gNO2
- -N (US-EPA 1993a). The total yield of nitrifiers, when 
considering nitrification as a single step process from ammonium to nitrate is 0.06 - 0.2 
gVSS/gNH4
+-N oxidised (US-EPA 1993a), and the suggested yield by Kadlec and 




The overall oxidation of ammonia and microbial cell synthesis (biomass) during 
nitrification can be expressed as: 
3 2 3 2 2 7 5 3 2 4 88 . 1 98 . 0 04 . 1 021 . 0 98 . 1 83 . 1 CO H NO O H NO H C HCO O NH + + + → + +
− − +   16
 
As can be seen in Eqn. 16, nitrification consumes oxygen and bicarbonate ion and 
releases water and carbonic acid in addition to biomass and nitrate nitrogen. This overall 
reaction predicts that about 3.22 g of O2 is consumed per gNH4
+-N oxidised and 1.11 g 
of O2 is consumed per gNO2
- -N oxidised for a total use of about 4.3 g of O2 for each g 
of ammonia N nitrified. Thus the actual oxygen consumption rate during nitrification is 
less than the 4.6 value predicted in Eqn. 13 because of the contribution of some oxygen 
from carbonate consumed and some nitrogen used during cell synthesis.  
 
As nitrification is mediated by microbes, the rate of nitrification is directly proportional 
to the growth of nitrifier bacteria.  Considering the effect of dissolved oxygen (DO), the 
specific growth rate of nitrifying bacteria can be expressed as a modified Monod 
equation (Metcalf and Eddy 2003): 
dn



























max μ μ  
17
 
where  μn   =   specific growth rate of nitrifying bacteria, g VSS/g VSS/d 
μmax  =    maximum specific growth rate of nitrifying bacteria, g VSS/g 
VSS/d  
  CNH4-N  =   the ammonium nitrogen concentration, mg/L 
  KNit  =   the nitrification half saturation constant, mg/L of NH4-N 
  DO  =  dissolved oxygen concentration (mg/L) 
  KDO  =  the dissolved oxygen half saturation constant, mg/L  
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kdn  =  endogenous decay coefficient for nitrifying organisms (g VSS/g 
VSS/d 
 
With nitrifying organisms kdn is considered to be negligible and can be taken as zero 
(US-EPA 1993a). 
 
4.3.1  Temperature Effect on Nitrification 
 
The maximum specific growth for nitrifiers is a function of temperature. For design 
purpose, an acceptable Arrhenius type expression of the effect of temperature on the 
maximum growth rate of Nitrosomonas over a temperature range of 5 – 30
oC is 
provided in  Equation 18 (US-EPA 1993a): 
() 15 098 . 0 47 . 0
− =
T
n e μ   18
     




oC, reported μmax varies from 0.25 to 0.77 g VSS/g VSS.d.  Nitrification rate 
increases up to DO concentrations of 3 to 4 mg/L. At low DO concentrations (<0.5 
mg/L), where nitrification rates are greatly inhibited, the low DO inhibition has been 
shown to be greater for Nitrobacter than for Nitrosomonas.  In such cases, incomplete 






4.3.2  Effect of pH on Nitrification 
 
Nitrification is pH-sensitive and rates decline significantly at pH values below 6.8. At 
pH values near 5.8 to 6, the rates may be 10 to 20% of the rate at pH 7.  Optimal 
nitrification rates occur at pH values in the range of 7.5 to 8.  A pH of 7 to 7.2 is 
normally used to maintain reasonable nitrification rates (Metcalf and Eddy 2003).  The 
USEPA provides a formula for estimating the nitrification rate at the pH range of 6.1 to 
7.2 for unacclimated cultures: 
() () pH n − − = 2 . 7 833 . 0 1 max μ μ   19
 
Treatment wetlands almost always operate at circumneutral pH, consequently this factor 
should be a minor influence on nitrification in those systems (Kadlec and Knight 1996). 
 
Approximately 7.14 mg/L (as CaCO3) of alkalinity is consumed for each nitrified mg/L 
of ammonia N and 1.98 mol of H
+ is released for each mole of ammonia N consumed. 
A high rate of nitrification lowers the alkalinity and pH of the water body (Kadlec and 
Knight 1996; US-EPA 1993a).  With low-alkalinity wastewater, alkalinity is added to 
the treatment system to maintain acceptable pH values. In the case of meat processing 
industry effluent, normally sufficient alkalinity is present in the wastewater (Husband 
1992b).  
 
4.3.3  Nitrification in Attached Growth Treatment Systems 
 
Wetlands possess some of the same characteristics as conventional attached growth 
treatment systems, such as trickling filters and rotating biological contactors. There is a 
high availability of oxygen in the conventional processes, as well as a higher surface  
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area for attachment, compared to wetlands.  There is a competition for attachment sites 
between nitrifying bacteria and the heterotrophic bacteria responsible for carbon 
oxidation. As a consequence, nitrification is impeded until BOD levels are reduced to 
approximately the same level as ammonium nitrogen. 
 
The application of growth rate equations for nitrifiers for suspended growth or the 
attached growth loading criteria to treatment wetlands is impractical for several reasons. 
The prediction of the specific yield per unit area of wetland is not presently possible 
(Kadlec and Knight 1996).  
 
SSF-CW systems promote attached growth processes to the near exclusion of suspended 
growth process. Additionally, treatment wetlands house other processes by which 
ammonium losses and gains may occur: nitrification in oxygenated microzones in the 
rhizosphere, plant uptake and biomass decay, and the above water decomposition of 
plant material.  Mineralisation of organic nitrogen produces ammonium nitrogen. Thus, 
even if wetland biofilm processes are describable as an attached growth nitrification 
system, other processes can prevent accurate predictions of ammonium loss. The rates 
of ammonium reduction in treatment wetlands are normally predictable only from 
wetland data (Kadlec and Knight 1996). Recently, nitrate removal models have been 
developed for SSF-CW systems, though they are in very preliminary stage only (Liu et 
al. 2005). 
 
The application of models for suspended growth and attached growth systems to 
nitrification in SSF-CW - for both horizontal and vertical flow - will end up in 
unexpected effluent nitrate values due to limitations in wetland such as controlled 
oxygen transfer, competing reactions and presence of organic carbon.  
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The hydraulic flow regime is an important factor when nitrification in wetlands is 
considered. Horizontal flow SSF-CW systems are oxygen limiting and perform poorly 
in nitrification (Kadlec and Knight 1996; Kuschk et al. 2003), however vertical flow 
systems are found to be better performers in nitrification (De Feo et al. 2005; Green et 
al. 1998; Urbancbercic and Bulc 1995). Further research is needed to model the oxygen 
transfer mechanism and to develop operational procedure of vertical SSF-CW systems 
to optimise the design procedure and performance of such systems. 
 
4.4  Denitrification 
 
The biological reduction of nitrate to nitrogen gas, nitric oxide and nitrous oxide is 
termed denitrification. Biological denitrification is an integral part of biological nitrogen 
removal.  Denitrification is an essential and complementary process that accompanies 
heterotrophic metabolism in aquatic and soil environments in anoxic conditions i.e, 
when dissolved or free oxygen is absent and nitrate is available.  In denitrification, the 
enzyme, nitrate reductase allows certain type of bacteria to use the more tightly bound 
oxygen atoms in nitrate and nitrite molecules as the final electron acceptor.  The most 
common facultative bacterial groups that accomplish denitrification include Bacillus, 
Enterobacter, Micrococcus, Pseudomonas, and Spirillum (Kadlec and Knight 1996).  
 
The overall chemical reaction of denitrification based on methanol as a carbon source is 
summarized below (US-EPA 1993a): 
 












At low soluble ammonium concentrations, some nitrate is also used by the bacteria for 
cell synthesis. Denitrification, cell synthesis (C5H7NO2), and the effect of these 
processes on total alkalinity are summarized by Eqn. 21.  (US-EPA 1993a):  
− − + + + → + +
3 2 2 2 7 5 3 2 3 3 68 . 1 47 . 056 . 0 24 . 0 08 . 1 HCO O H N NO H C CO H OH CH NO   21
 
From the stoichiometry of Eqn. 21, 2.47 g of methanol or another equivalent carbon 
source is required to support the denitrification of 1 g of nitrate nitrogen. In the absence 
of this carbon source, denitrification is inhibited. Typical engineering rule of thumb for 
carbon requirement is 4 g of BOD per g of NO3-N reduced, though the actual value will 
depend on the system operating conditions and the type of electron donor used for 
denitrification (Metcalf and Eddy 2003). An expression defining the required COD to 
nitrogen (N) ratio has been developed for any organic substrate:  
N Y N
COD






where: YN   =  biomass net yield based on COD, g VSS/g COD removed. 
 
This equation is developed assuming that the COD of the VSS produced is 1.42 g 
COD/g VSS, and that the biomass produced is 10 percent nitrogen. 
 
As shown by Eqn. 21, denitrification produces alkalinity. The observed rate of 
bicarbonate production by this process is about 3.0 g as CaCO3 per g of NO3-N reduced.  
This increase in alkalinity is accompanied by an increase in the pH of the wetland. 
 
Denitrification has been observed in many SSF-CW treatment systems (Liu et al. 2005; 
Platzer 1999). Nitrous oxide (N2O) is believed to be emitted during denitrification  
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process, but, in a recent study it was concluded that there was no N2O emission from the 
denitrifying SSF-CW system (Picek and Cizkova 2005). 
 
4.4.1  Kinetics of Denitrification 
 
The specific denitrifier growth rate is increased by the concentration of nitrate and the 
carbon source and inhibited by the presence of dissolved oxygen and can be expressed 




































max μ μ  
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where, μD  =  specific denitrifier growth rate (d
-1) 
  μDmax  =  maximum specific denitrifier growth rate (d
-1) 
 C NO3  =  concentration of nitrate nitrogen (mg/L) 
  KNO3  =  half saturation coefficient for nitrate (mg/L),  
  S  =  concentration of organic substrate (mg/L) 
  Ks  =  half saturation coefficient for organic substrate (mg/L) 
  KDO  =  Dissolved oxygen inhibition coefficient for oxygen mg/L 
  DO  =  Dissolved oxygen concentration (mg/L) 
 
The values of half saturation constant for nitrate KNO3 are reported to be very low; from 
about 0.1 to 0.2 mg NO3-N/L. Similarly the value of Ks will depend on the organic 
substrate, but very low for methanol (0.1 mg/L), but can be as high as 72 mg/L. The DO 
























where,  qD  =  nitrate removal rate, g NO3-N/g VSS/d 
 Y D  =  denitrifier true yield coefficient, g VSS grown/g NO3-N removed
 Y   =  biomass true yield, g VSS grown/g COD removed 
  qs  =  substrate removal rate, g COD/g VSS/d 
  bd  =  denitrifier decay coefficient,  bd of 0.04 d
-1 is used generally.  
 
Similar to nitrification, denitrification is also affected significantly by temperature.   
However, denitrification is much less sensitive to pH than nitrification, but the optimum 
range is between the pH values of 6 and 8.  Denitrification will produce alkalinity and it 
may increase the pH if high concentrations of nitrate are to be removed. 
 
4.5  Other Processes Affecting Nitrogen Removal in SSF-CW 
 
4.5.1  Uptake by Plants and Biota 
 
The relative importance of plant uptake depends upon the nitrogen loading to the SSF-
CW system. For low nitrogen loadings the plants cycle a significant fraction of the 
applied nitrogen. Approximately 65% of the nitrogen applied to an SSF-CW, planted 
with Phragmites/Typha in Byron Bay, Australia was found in the microphyte biomass, 
due to a low nitrogen loading rate of 25 to 40 g/m
2/y (Adcock et al. 1995). For 
wastewater with high nitrogen concentration in the influent, the effectiveness of plant 
uptake is not a major factor in the overall nitrogen removal rate, as confirmed by 
various studies (Tanner et al. 2002).  
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4.5.2  Ammonium Volatilization 
 
Un-ionized ammonia is relatively volatile depending on the pH and temperature, and 
can be removed from solution to the atmosphere through diffusion through water 
upward to the surface and through mass transfer from the water surface to the 
atmosphere.  Un-ionized ammonia generally is a small fraction of total ammonium in 
wetland waters, comprising less than 1 percent for circumneutral pH and at temperature 
below 25
oC (Kadlec and Knight 1996). 
 
Ammonium volatilization in SSF-CW may have only limited importance as it s requires 
high water flow rates or vigorous mixing neither of which are typical of most SSF-CW 
wetland eco-system.  
 
4.5.3  Nitrate-Ammonification 
 
Conversion of nitrate nitrogen back to ammonium is not considered to be a major 
pathway in wetland nitrogen transformations or in nitrogen removal processes. 
However, when there is no ammonium present in a wetland, a small portion of nitrate 
would be used for cell formation. The conversion of nitrate N to NH4-N has been 
observed to be about 8 to 12% of reduced nitrate in the initial stages, but as the wetland 






4.5.4  Nitrogen Fixation 
 
Biological nitrogen fixation is the process by which nitrogen gas in the atmosphere 
diffuses into solution and is reduced to ammonium nitrogen by autotrophic and 
heterotrophic bacteria, blue green algae and higher plants.  It is an adaptive process that 
provides nitrogen for organisms to grow in conditions that are otherwise depleted of 
available nitrogen.  The presence of ammonium nitrogen is reported to inhibit nitrogen 
fixation (Kadlec and Knight 1996; Vanoostrom and Russell 1994).  There are not 
enough conclusive data on nitrogen fixation in wetlands and its effect in overall 
nitrogen removal. 
 
4.5.5  Anaerobic Ammonia Oxidation (ANAMMOX) 
 
Ammonia oxidation (or nitrite reduction) to hydroxylamine, which is coupled with 
ammonium to produce hydrazine, then further oxidised to dinitrogen gas. Omitting the 
oxygen equivalents of denitrification, this process would consume 1.9 gO2/g (NH4-
N)
 denitrified (Tanner et al. 2002).  Further experimental work needs to be carried out to 
make use of this technology for SSF-CW application. 
 
4.6  Conclusions 
 
The major pathway for nitrogen removal is nitrification-denitrification. The existing 
horizontal flow wetland systems may be oxygen limited for complete nitrification. 
Vertical flow systems have been shown to be more effective for nitrification. A multi-
stage wetland system, where carbon removal and ammonification and denitrification 
can be carried in one cell, which is either a planted or unplanted SSF-CW followed by  
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either a suitably sized vertical flow subsurface CW or a mechanically aerated 
nitrification reactor and hydraulic manipulation to effectively reduce the nitrate will be 
an economical solution. As the organic matter requirement for denitrification can offset 
the footprint required for carbon removal, the overall area required for the wetland 










A summary of phosphorus (P) removal from wastewater using sub-surface flow 
constructed wetlands (SSF-CW) is described in this chapter. The chapter examines the 
various mechanisms of P removal from wastewater, including plant uptake, retention in 
wetlands by bed media and possibility of post or pre-treatment of influent before 
treatment in the wetlands. Progress and current research in the quest of sustainable P 
retaining media for application in SSF-CW systems are cited in this chapter. 
 
5.1  Introduction 
 
Sub-surface flow constructed wetland (SSF-CW) systems have been proven to be 
efficient for carbon removal and to a limited level of nitrogen removal from wastewater. 
The capacity of constructed wetlands to remove phosphorus (P) is an issue that has not 
been satisfactorily solved (Arias and Brix 2005). The importance of this topic is such 
that there were over 15 journal papers published in 2005 alone on properties and 
application of different P retaining materials in SSF-CW systems. 
 
There are contradicting claims about capability of SSF-CW systems for removal of 
phosphorus (P) from wastewater or retaining P in the wetlands.   According to Kadlec 
and Knight (1996,  page 443), treatment wetlands have been claimed to be capable of 
removal of phosphorus from wastewater.    
  
  56
Root Zone Ltd in U.K claims that SSF wetland plant or root zone reed bed plants can 
remove P from domestic sewage by way of bonding to Iron and Aluminium in the soil 
and it would take a minimum of 100 years to reach the saturation value (Hudson 1991). 
However, other investigations show that constructed wetland systems are not efficient in 
sustaining a high level of phosphorus (P) removal from wastewater (Arias and Brix 
2005; Arias et al. 2001; Hiley 1995; Hunt and Poach 2001).   Cooper (1993) reported 
that total P removal averaged 30 to 40% in the 500-odd SSF wetlands systems built in 
Europe since 1984. In most cases, P removal may be efficient in the initial years of 
operation, but their performance drops and even export of P takes place. For example 
gravel trench systems in Richmond, New South Wales in Australia, removed 60 to 80% 
of applied P in the first two months of operation, before showing a considerable drop in 
performance with frequent releases of P (Mann 1990).  
 
Phosphorus removal is an important requirement for effluent treatment in locations 
where there is a potential for algal blooms and contamination of ground water. For 
example, in Western Australia, the effluent P concentrations after treatment of 
wastewater is limited to <1 mg/L by the regulatory authorities for discharge near the 
catchment areas of the Swan River Estuary and similar ecologically sensitive areas. 
 
The objective of this chapter is to examine the various mechanisms for retention in the 
wetland and removal from wastewater in an SSF-CW system and to evaluate the 
progress in identification of sustainable P removal materials which can be applied in 




5.2  Phosphorus in Wastewater 
 
Phosphorus in wastewater is generally present in three forms: ortho-phosphate or 
soluble reactive phosphate, meta or poly phosphate and organic phosphate.  The ortho-
phosphates (Ortho-P) are in the form of PO4
3-, HPO4
2-, H2PO4
-, H3PO4, they are 
available for biological and chemical transformations without further breakdown. The 
ortho-phosphate is the predominant and the most bio-available form of phosphorus in 
wetlands (Richardson and Craft 1993).    
 
  The polyphosphates include those molecules with two or more phosphorus atoms, 
oxygen atoms and in some cases, hydrogen atoms combined in a complex molecule.  
Polyphosphates undergo hydrolysis in aqueous solutions and convert to ortho-P   
(Metcalf and Eddy 2003) 
 
SSF constructed wetlands provide an environment for the inter-conversion of all these 
forms of P.  Soluble reactive P may be taken by plants and converted to tissue P or may 
become sorbed to wetland soils. Organic structural P may be released as soluble P if the 
organic matrix is oxidised. Insoluble P forms under aerobic conditions, but may re-
dissolve under anaerobic conditions (Kadlec et al. 2000; Leader et al. 2005). 
 
Most of the published literature on P removal using SSF-CW is on domestic 
wastewater, where the P concentration is in between 5 and 15 mg/L. The performance 
data of such wetlands may not be directly extrapolated to wetlands treating wastewater 
with stronger P concentration such as meat processing industry effluent. This is because 
the influent P concentration has a prominent role in the removal characteristics.  With 
lower concentrations of P in the influent, the removal may be better and sustainable on a  
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biological basis. But for effluent from meat processing with a P concentration between 
25 to 75 mg/L (Greenfield and Johns 1992b), the SSF-CW system has to be designed 
specifically for P removal or an additional P removal system has to be incorporated 
prior to or after the treatment with an SSF-CW system.   
 
5.3  Phosphorus Removal Models 
 
Considering the complexity of P removal in wetlands, it is difficult to use a predictive 
model for P removal from wastewater in SSF-CW wetland systems. Blackbox models 
which use statistical correlations of input and output data have been developed (Kadlec 
and Knight 1996).   
 
Based on data from ninety cases in the US, Australia, the UK, and Denmark, Kadlec 
and Knight (1996) developed the following correlation for phosphorus removal from 
wastewater SSF wetlands. 
 
10 . 1 51 . 0 i o C C =    25
 
where  Co= P concentration of effluent (mg/L) 
  Ci= P concentration of influent (mg/L) 
The influent concentrations were in the range of 0.5 to 20 mg/L and that of the effluent 
were in the ranges of 0.1 to 15 mg/L.  
 
Incorporating the hydraulic loading rate of 23 cases in US, another correlation between 
influent and effluent values of P from SSF-CW was found (Kadlec and Knight 1996). 
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76 . 0 6 . 0 23 . 0 i avg o C q C =   26
 
where 
Co = effluent concentration of P (mg/L) 
Ci = influent concentration of P (mg/L) 
q = hydraulic loading rate (cm/d) 
 
The P values of influent ranged from 2.3 to 7.3 mg/L and that of the effluent ranged 
from 0.1 to 6 mg/L, and the qavg ranged from 2.2 to 44 cm/d. 
 
The global application of these models should be with considerable care as the short and 
long term expected performance in P removal with such a design may not be achieved. 
Parameters such as P loading rate, wastewater characteristics, type of gravel media, 
porosity, hydraulic conductivity, vegetation type, forms of P, hydraulic residence time, 
depth, and climate can severely affect the performance in P removal from wastewater. 
 
5.4  Phosphorus Pathways 
 
The P retention in an SSF-CW system consists of biological (eg.,  P uptake by plants 
and bacteria, plant and microbial decomposition leading to release of P), chemical 
processes (eg., adsorption/desorption from surfaces and precipitation/dissolution of P 
compounds), and  physical processes (e.g., particulate settling and resuspension, soil 
burial) (Kadlec and Knight 1996; Reddy et al. 1999).   Each of these processes within 
the treatment system can influence the P retention capacity of the system and removal 
from the effluent. 
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5.4.1  Biological Processes 
 
Phosphorus assimilation and storage in plants depends on vegetative type and growth 
characteristics.  Emergent macrophytes have an extensive network of roots and 
rhizomes and have great potential to store P. They have more supportive tissue than 
floating macrophytes and have a high ratio of below ground biomass (roots and 
rhizomes) to above ground biomass (stem and leaves) providing ideal anatomical 
structures for P storage (Reddy et al. 1999). Cattails can allocate 60% of the total 
biomass to below-ground tissue in low P environments, but only 40% in P-enriched 
environments (Miao and Debusk 1999; Miao and Sklar 1998). 
 
 The range of concentrations of P in the live leaves of various plant species is from 
approximately 0.1 to 0.4 percent on a dry weight basis (Kadlec and Knight 1996).   
Another study concluded that the take-up of  P into the plant cells is relatively small and 
the P content for plants such as reeds ranges from 0.9 to 1.35 mg/g (dry weight) for 
stems, 1.0 to 1.7 for leaves, and 0.9 to 1.63 for whole shoots (Hocking 1989).  
 
As the emergent macrophytes grow, there will be more uptake of P into the plant cells, 
which will continue until these plants are fully grown. At the end of the growing season, 
plants die back and the leaves and stalks will eventually fall to the bed where they will 
slowly break down and return P back into the system. New growth will take up P again 
so that eventually equilibrium will develop where the P take-up by plant growth in a 
year will equal the P return by dead plant breakdown. So, if no harvesting is in place, 
the plants will bring about no P removal (Kadlec et al. 2000; Kadlec and Knight 1996). 
But unlike the surface flow systems, SSF-CW systems have the advantage of easy 
harvesting of the biomass.   
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Davies & Cottingham (1993) reported that with a possible high yield of 95 tonnes dry 
weight per year per hectare of reed, a yearly removal of less than 6% P by harvesting 
the reeds would be achieved from a typical constructed wetland.  Thus the amount of 
phosphorus that can be removed by harvesting plants usually constitutes only a small 
fraction of the amount of phosphorus loaded into the system from sewage (Brix 1997) 
or nutrient rich industrial effluent. Hence, the use of macrophytes to remove P from 
wastewater, even under optimum management conditions, is severely limited. 
 
Bacteria, and also algae can assimilate P in their cell structures; but once a steady state 
of biomass is reached within the bed, no net P removal will result thereafter. But a very 
small percentage of P may be incorporated into the soil detritus/microorganism 
compartment where it is slowly buried into the deep sediments (Richardson and 
Marshall 1986). The phosphorus content of the microdetritus formed by the death of 
micro-organisms was found to be approximately 0.57±0.39 percent dry weight in a 
sedge-cattail peat land (Kadlec and Knight 1996)   
 
  A gaseous form of phosphorus, phosphine (PH3) has been identified as a potential 
compound of significance in wetland environments. It may be emitted from regions of 
extremely low redox potential, together with methane. But phosphorus is generally 
considered to be a conservative element, with no sink or source and so far, gaseous 
emission of phosphorus has not been seriously taken into consideration (Kadlec and 
Knight 1996). 
 
The biological uptake by plants and assimilation by micro-organisms would not 
contribute to a significant reduction of P for municipal and P rich industrial wastewater  
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as the available P will far exceed the uptake and assimilation capacities. At present, 
there are no reported studies on biological P removal (BPR) using constructed wetlands. 
It may be a possibility in the future, perhaps in combination with anaerobic ponds and 
vertical flow wetlands, where anaerobic, aerobic and anoxic environment can be 
provided for P removal from wastewater.  
 
5.4.2  Physical and Chemical Processes 
 
A large number of transfers and alterations due to physical and chemical processes 
occur for P in an SSF-CW system. These processes include adsorption onto substratum 
or filter media, precipitation and complexation reactions (Kadlec et al. 2000; Mann 
1990; Richardson and Marshall 1986).  Besides, sedimentation of particulate P  is an 
important physical process (Kadlec 1995). 
 
Adsorption and precipitation of phosphorus in constructed wetlands are very complex 
phenomena and can occur simultaneously (Vohla et al. 2005). The media can both 
adsorb the phosphate ion and/or promote its precipitation by supplying the solution with 
metals, which can react with phosphorus to produce sparingly soluble phosphates (Del 
Bubba et al. 2003). In addition, calcium present in the wastewater itself can promote 
phosphorus precipitation (Maurer et al. 1999). 
 
Sorption and precipitation are controlled by physical and chemical characteristics of 
media such as the fraction of minerals such as Fe, Al, Ca and Mg, porosity,  the 
physicochemical environment (pH, Eh, dissolved ions) and hydraulic parameters 
(loading rate, hydraulic conductivity, retention time) (Richardson and Craft 1993).   
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The physical and chemical processes that lead to P removal from wastewater in SSF-
CW systems such as adsorption, ion exchange, or chemical reaction to inert insoluble 
form have a finite capacity and P removal will cease when that capacity is reached (Seo 
et al. 2005). Clay type bed media with its abundance of aluminium, iron, and calcium in 
its structure, and large surface area, have the greatest potential to trap and hold 
phosphorus (Hudson 1991). These cations can precipitate phosphate under certain 
conditions. Some important mineral precipitates in the wetland environment are apatite 
(Ca5(Cl,F)(PO4)3), hydroxylapatite (Ca5(OH)(PO4)3), variscite (Al(PO4).2H2O), 
strengite (Fe(PO4).2H2O), vivianite (Fe3(PO4)2.8H2O), wavellite 
(Al3(OH)3(PO4)2.5H2O) (Reddy et al. 1999).  However, the very low hydraulic 
conductivity of clay results in most of the water travelling across the surface and not 
making intimate contact with the bed to enable the containment to take place (Cooper 
and Greee 1995; Davies and Cottingham 1993). 
 
Gravel media, with its high hydraulic conductivity, permits all of the water to flow 
within the bed, but because of its impermeable nature has only a limited surface area for 
adsorption, ion exchange, and/or chemical reaction to take place. Once the active sites 
are utilized, phosphorus removal would cease (Mann and Bavor 1993; Seo et al. 2005). 
Even the adsorbed P can be released to solutions low in P at certain situations such as 
anaerobic conditions (Gale et al. 1994). Whether or not P is released into solution 
depends on a combination of factors such as redox potential, pH, soil composition (in 
particular presence of Fe, Al, Mg and Ca minerals), and the level of existing soil P 
(Faulkner and Richardson 1989). 
 
Iron, in an oxidised state will fix P far more strongly than in a reduced state.  Since the 
oxidation-reduction potential of a wetland soil determines the oxidation state of iron, it  
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will also affect the soil’s ability to retain P (Richardson and Nichols 1985). Soil redox 
potential might be affected by incorporation of oxygen into the soil by diffusion or 
mixing, or by plant transport. Alternatively, oxygen may be depleted by high organic 
loading, or by the death and decay of wetland vegetation, and this can lead to release of 
adsorbed P (Richardson and Craft 1993).  
 
From past experiences, it may be reasonably concluded that a SSF constructed wetland 
system based on conventional design and gravel medium appears to be poor in 
sustainable removal of P from wastewater. In order to achieve sustainable P removal in 
SSF constructed wetlands, additional methods such as high P adsorbing bed media or 
chemical precipitation before or after treatment with the wetland need to be employed.  
 
Application of new bed media with significant P retention capacity  has been 
experimented in a number of cases (Arias and Brix 2005; Arias et al. 2001; Brix et al. 
2001; Brooks et al. 2000; Del Bubba et al. 2003; Forbes et al. 2005; Gale et al. 1994; 
Heal et al. 2005; Hiley 1995; Johansson 1999; Kang et al. 2003; Mann 1990; Mann and 
Bavor 1993; McLaughlin and Brindle 2001; Molle et al. 2005; Netter 1993; Sakadevan 
and Bavor 1998; Seo et al. 2005; Vohla et al. 2005).  
 
One of the reported cases shows that by using ferruginous aeolian sand which contains 
rounded iron ore particles of limonite and hematite, a very high P removal rate at the 
order of 99% (21 mg/L to <1 mg/L) could be achieved (Netter 1993). The major factor 
for this high P removal may be because of smaller particle size of the media, higher 
retention period (between 25 and 40 days), and higher aeration capacity of the system as 
it was designed as a planted soil filter with vertical flow. But, the lower hydraulic 
conductivity and higher retention period resulted in larger surface area requirement and  
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this in turn would make the system an economically unattractive option to locations 
with high land value.  
 
In a recent paper, crushed ash block, oil shale fly ash and the sediment from oil shale 
ash plateau were tested for their P sorption capacity for use in SSF-CW systems as bed 
media (Vohla et al. 2005). The P removal rate was higher than 96% and estimated 
design capacity was around 4 to 5 g P kg
-1.  This study concluded that the sediment 
from oil shale ash plateau could be considered as perspective filter media for P 
retention. On installing a sedimentation filter, filled with the sediment from oil shale ash 
plateau in an existing wetland, an average P removal of 52% was achieved in the 
preliminary results (Vohla et al. 2005).  
 
Addition of oyster shell was found to enhance the P retention capacity of SSF-CW 
systems. Based on the laboratory experiments, this study predicted that with 100% 
addition of oyster shell, a maximum retention of 16,056 mg P kg
-1 could be achieved 
(Seo et al. 2005).  
 
Another study reported the results of laboratory experiments on use of apatite for P 
removal in order to apply eventually as bed media in SSF- CW treatment systems 
(Molle et al. 2005). The use of natural phosphate rock to remove P from wastewater 
could seem paradoxical but this study theoretically has assumed the rock lowers the 
energy barrier and thus promotes precipitation. After 550 days of column experiment, 
the P retention still occurred, with no decrease in permeability. The P retention for a 
maximum of 550 days of operation was 13,900 mg P kg-1 (Molle et al. 2005).  The 
results were of laboratory batch and column studies and further field studies are 
required before the application of this material for P removal in SSF-CWs.  One of the  
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limitations can be dissolution and release of P into solution in acidic environment. 
Many SSF-CW operate under partially anaerobic conditions, and the pH can be in acidic 
region.  Nevertheless apatites appear to be attractive for use in CWs and the small 
volume required would mean that an apatite P removal filter would only need to be 
inserted in the last part of the horizontal flow CW.  The last section of the wetlands is 
normally aerobic with less organic matter and may be near neutral for a properly 
designed system. Hence the problems of acidic pH, and other issues such as biomass 
development on the active media that limits adsorption and precipitation could be 
overcome.  
 
Studies on using ochre from acid mine drainage treatment demonstrated promising 
results as a P removal bed media for SSF-CW systems (Heal et al. 2005). The maximum 
P adsorption capacity of ochre as obtained in the study was 26,000 mg P kg
-1 of the 
material. Laboratory experiments have demonstrated that ochre has a high capacity for 
phosphorus removal from sewage. In the field study between June–November 2003, the 
P adsorbed in ochre, which was used as bed media, was determined using a five stage 
extraction procedure. The adsorbed P ranged from 16,000 to 18,000 mg P kg
-1 of ochre.  
The study concluded that the introduction of ochre into the constructed wetland system 
had no apparent adverse environmental effects: no mobilisation of potentially toxic 
metals occurred and most of the phosphorus removed by ochre was retained and not 
subsequently re-released. Ochre has the potential as a substrate to enhance the 
phosphorus removal capacity of constructed wetlands (Heal et al. 2005)  
 
Phosphorus retained by lightweight expanded shale and masonry sand used as bed 
media in SSF-CW was investigated recently (Forbes et al. 2005). After one year of 
operation of the SSF-CW cells with an average influent total P concentration ranging  
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from 1.5 to 2.5 mg/L, and an application rate of 46 to 55 cm/d respectively to both 
masonry and shale bed cells, the P retained was analysed by sequential fractionation 
tests.   The study found that the Langmuir phosphorus sorption maxima are 58.8 and 
971 mgP kg
-1 respectively for masonry sand and lightweight expanded shale.  The study 
concluded that masonry sand is not a useful material for long term P retention, however 
expanded shale has high hydraulic conductivity and long terms P retention capacity 
(Forbes et al. 2005). 
 
Preliminary studies on the application of industrial wastes such as granulated blast 
furnace slag, blast furnace slag and power station fly ash for P removal gave 
encouraging results (Mann and Bavor 1993). Fly ash was particularly successful, having 
the added advantage of good hydraulic conductivity. They concluded that further 
investigation into pH and particle size effects on P adsorption/desorption and the 
characterisation of amorphous metal oxide-phosphate complexes formed on surfaces or 
present as precipitates would be required. 
 
Chemical precipitation using mineral salts is another mechanism for P removal. Davies 
and Cottingham  (1993) investigated the effects of dosing gravel bed systems with alum 
and a lime/alum mix. They found the lime/alum mix to be the most efficient option. To 
include as part of a wetland treatment system, they suggested incorporating a pond 
section for chemical dosing and mixing, and for sedimentation of phosphate sludge. For 
isolated on-site systems, it may not be an attractive option for an on-site treatment 




5.5  Conclusions 
 
It can be concluded that there are not many proven methods for sustainable removal of 
P from wastewater in SSF constructed wetlands. Experiments and field trials are being 
carried out with different approaches for P removal, which include: (a) the construction 
of the whole system with a chemically enriched media (e.g. Filtralite-Pw) capable of 
binding P; (b) chemical precipitation of P at the pre- or post treatment stage of the 
system; and (c) the removal of P in a separate filter unit containing a granular medium 









Batch experiments were conducted to investigate COD removal dynamics with high 
ammonium or nitrate concentrations in two horizontal type, sub-surface flow 
constructed wetlands (SSF-CW) system, one un-vegetated and the other one planted 
with vetiver grass (Vetiveria zizanioides, recently reclassified as Chrysopogon 
zizanioides) registered in Australia as Monto cultivar as vegetation in a greenhouse.  
The wetland cells were made up of polypropylene with identical dimensions of 0.5m x 
0.35m x 0.4 m (depth) with bed media of 14 mm gravel were used for this study. The 
experiments were carried out with input COD concentration varying from 200 to 1000 
mg/L; the initial batches were with ammonium N (200 mg/L) and the final batches with 
nitrate N (200 mg/L). Both wetland cells performed well in COD reduction with 
ammonium N, and COD removal followed a retarded rate constant model. The un-
vegetated SSF-CW performed better by removing over 80% of COD in about 48 hours 
whereas the vegetated wetland failed and the plants died when applied with nitrate N. It 
can be concluded that an upfront, un-vegetated SSF-CW system for denitrifying with a 
vertical flow nitrifying SSF-CW or a mechanical system could provide an alternative 
solution to conventional activated sludge systems for high strength wastewater 





6.1  Introduction 
 
Sub-surface flow constructed wetland systems (SSF-CW) have been used for treatment 
of municipal and domestic wastewater over the last three decades in many countries 
(Kadlec and Knight 1996; Vymazal 2002). Most of these applications were for either as 
a tertiary treatment  or polishing system (Garcia et al. 2003). However, application of 
SSF-CW - both horizontal and vertical flow type as a secondary treatment system for 
municipal wastewater is becoming in the increase (Vymazal 2002).  SSF-CW system 
classification as vertical type or horizontal type is based on the type of flow; in the case 
of a horizontal type, flow runs from the inlet end to the outlet end, whereas in the case 
of vertical type, the flow is applied at the surface and the wastewater percolates down.  
 
 
The typical strength of normal untreated municipal wastewater is in the range of 120 to 
380 mg/L as biological oxygen demand (BOD5) and 260 to 760 mg/L as chemical 
oxygen demand (COD). The nutrient concentrations are in the range of 4 to 12 mg/L for 
total phosphorus (TP) and 20 to 70 mg/L for total nitrogen (TN) (Metcalf and Eddy 
2003). Primary treatment removes over 30% of BOD5 or COD of the wastewater (Crites 
and Tchobanoglous 1998).  This indicates that the normal influent concentrations of 
organic carbon to SSF-CW systems used as secondary treatment are in the range of 80 
to 250 mg/L of BOD5 and 180 to 550 mg/L of COD. Where an SSF-CW system is used 
as a polishing system after secondary treatment, the wastewater input to the wetland 
system is of low values of BOD5 or COD.  
 
There have been only limited studies on application of meat industry effluent treatment 
using both horizontal and vertical type SSF-CW systems. A few studies on application 
of surface flow wetlands for nitrogen removal from secondary treated abattoir  
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wastewater were reported in the mid 90s (Vanoostrom 1995; Vanoostrom and Russell 
1994). Similarly a smaller number of studies were reported on application of sub-
surface flow wetlands as a polishing unit for meat processing industry effluent 
(Gutiérrez-Sarabia et al. 2004; Rivera et al. 1997).  These studies did not focus on 
application of SSF-CW technology as a secondary treatment system for organic carbon. 
Further studies are required in a controlled environment to understand that kinetics of 
high strength wastewater such as meat process effluent treatment in SSF-CW systems. 
 
Vetiver grass (Vetiveria zizanioides recently reclassified as Chrysopogon zizanioides) 
registered in Australia as of Monto cultivar has been traditionally used as vegetation for 
effluent treatment by land irrigation, and is capable of withstanding extended periods of 
dry (xerophyte) and wet (hydrophyte) periods (Truong 2000).  Monto vetiver grass is 
sterile; it flowers but produces no seeds. As Monto vetiver grass can be propagated only 
by splitting the crown, it can be contained from becoming an introduced pest this is a 
good candidate for any phyto-remediation applications (Carey 2006). Once established, 
it can withstand drought, flood and long periods of water logging.  Vetiver has a high 
assimilation capacity of nutrients and heavy metals (Ash and Truong 2003b). Vetiver 
also has an extensive and deeply growing root system (Ash and Truong 2003b; Chen et 
al. 2004; Smeal et al. 2003) that would help maintain the bed's hydraulic conductivity 
and contribute to oxygen transport into wetland bed. This plant is tolerant to large scale 
variation of pH, BOD5, nutrients, flow, and temperature (Chen et al. 2004). These 
attributes along with the capability to contain its growth in the confined space make it a 
suitable candidate for vegetation in SSF-CW system. 
 
There have been only limited studies on application and effectiveness of vetiver grass as 
vegetation for constructed wetlands.  The application of vetiver grass for wastewater  
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treatment in pond systems and using constructed (unlined) wetlands indicated promising 
results in organic carbon and nutrient removals (Ash and Truong 2003b; Smeal et al. 
2003). However these studies were not carried out in controlled conditions and the 
effect of various parameters such as soil properties, rainfall and variability of incoming 
hydraulic, carbon and nutrient loads were not taken into account.   
 
The treatment process mechanisms of SSF-CW systems with both horizontal and 
vertical type and with vetiver grass as vegetation are not fully known.  Further 
understanding of process mechanisms of horizontal SSF-CW with vetiver grass is 
needed particularly for application of high COD and high nutrient effluent such as from 
meat processing effluent. The present laboratory research was carried out to advance 
knowledge in this front and to provide inputs to design methods of horizontal type SSF-
CW system. 
 
6.2  Objectives 
 
The objectives of the chapter are to investigate COD removal characteristics in 
horizontal type SSF-CW system with Monto vetiver grass as emergent vegetation for 
wastewater consisting of a) high ammonium N concentration, b) high nitrate N 
concentration. 
 
Most of the single stage horizontal type SSF-CW systems treating high strength 
wastewater such as meat processing industry effluent have failed to achieve any 
appreciable carbon and nitrogen reduction (Gutiérrez-Sarabia et al. 2004; Rivera et al. 
1997), although for some time it has been considered that SSF-CW system could carry 
out nitrification –denitrification simultaneously. We hypothesised that a multi- stage  
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treatment system with natural or mechanical nitrification stage and recycling of nitrified 
effluent in the initial stage could achieve not only substantial levels of nitrogen removal, 
but also simultaneous carbon removal at a higher rate, thus requiring only smaller 
footprints. If this would be possible, it would make SSF-CW technology economical for 
high volume and high strength wastewater treatment.   
 
6.3  Methodology 
 
6.3.1  Microcosm 
  
Two wetland cells constructed of polypropylene with identical dimensions of 0.5m x 
0.35m x 0.4 m (depth) were used for this study. Bed media of 14 mm pea gravel were 
used for this study. The experimental wetland cells were installed in the Greenhouse 
facility at Murdoch University, Western Australia. One cell was planted with vetiver 
grass (Vetiveria zizanioides) of Monto cultivar group and the other cell was a gravel bed 
reactor with no vegetation. Figure 4 shows the experimental system with vetiver grass at 
the time of installation and Figure 5 illustrates the same system after three months of 
operation.  Figure 6 shows the experimental cell for un-vegetated SSF-CW system.  
Each wetland cell was fitted with five monitoring tubes (similar to monitoring wells in 
field system) of approximately 70 mm diameter perforated PVC pipes with 10 mm 
holes at 30 mm centre to centre distance between the holes around the perimeter of the 
pipe. Each row of holes is 100 mm as seen in Figure 4 and Figure 6.  The diameter of 
the PVC pipes was chosen to fit in the water quality analyser probe.  In order to keep 
the environment in the tubes similar to the rest of the wetland cell, another perforated 
clear perspex (polymethyl methacralate) tube of approximately 50 mm diameter and 
filled in with gravel was plugged in each tube (see Figure 4). In the vegetated cell, the  
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tubes were also planted with a shoot of vetiver grass to provide the same environment as 
that of the rest of the wetland cell.   
 
 
Figure 4:  Laboratory SSF-CW system with vetiver grass at planting 
 
 
The water quality in the cells was monitored on a non-continuous basis using YEO-
KAL water quality analyser Model 611. The parameters analysed include, temperature, 
dissolved oxygen, redox potential, pH, salinity, conductivity and turbidity. The probe of 
the water quality analyser was inserted in each monitoring tube, after the gravel filled 
perspex fitting was temporarily taken out. Each wetland cell had an outlet with PVC 
ball valve (12 mm diameter) (Figure 4) to regularly collect samples and to completely 






Figure 5:  Laboratory SSF-CW system with vetiver grass, after 3 months of operation 
 
 
Figure 6:   Laboratory un-vegetated SSF-CW cell with sampling ports 
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6.3.2  Feeding and Feed Solution 
 
The microcosmic wetland cells were operated on batch mode i.e. one off feed for the 
whole retention time of an experimental set. Batch feeding would nullify any potential 
adverse effects of smaller aspect ratio (length/width ratio) and boundary/edge effects of 
the microcosm.  Also, if the experiments were to be run on a continuous flow mode, 
there would be mechanical problems with peristaltic pumps for small flows (<1 
mL/minute) of wastewater when testing for the effect of long hydraulic retention time 
(HRT). This would provide less control of the operation of the microcosm and would 
affect the quality of the results. The effect of preferential flow path, entrainment of 
oxygen during mechanical breakdowns of the pump would not happen in batch type 
feeding.  
 
The feed solution was prepared using molasses for COD, NH4Cl for ammonium –N and 
KNO3 for nitrate - N, KH2PO4 for phosphorus. Trace metal solution (TMS) (Table 9) 
 was added (2 mL/L) for micro nutrients. The COD concentration varied from 300 mg/L 
to 1000 mg/L (Table 10).  The nitrogen was either as ammonium or nitrate, with a 
concentration of approximately 200 mg/L of nitrogen. The soluble reactive phosphorus 
concentration was about 75 mg/L. The concentrations of nutrients were chosen to 
represent primary treated meat processing industry effluent.  Molasses was obtained 
from the Pacific Terminal, North Fremantle, Western Australia. Molasses was diluted 
with de-ionised water to obtain the required COD value in each experimental batch.  
Raw molasses had a COD of 797 g COD/kg molasses.  At the start up, both wetland 
cells were inoculated by adding 50 mL/L (only in the first batch of the feed) of 
anaerobic sludge from Woodman Point Sewage Treatment Plant, Water Corporation in 
Perth.  The feed solution was prepared in two steps. First a concentrated 1 L solution  
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was prepared in a conical flask with 2L volume. All the constituents and de-ionised 
water were added to obtain 1L of the feed concentrate, which was homogenised using a 
magnetic stirrer for 30 minutes. As the total quantity of feed solution required was 40 L, 
the concentrated solution (of 1 L volume) was added to 39 L of de-ionised water and 
mixed manually to get a uniform concentration. The feed solution was added manually 
to the wetland cells once after the previous batch was completely drained off.  
 
6.3.3  Sample Analysis 
 
Analysis of COD and BOD5 were carried out according to standard methods (APHA 
1992). 


























6.3.4  Organic Carbon Removal Models for horizontal flow type SSF-CW systems 
 
Organic carbon (COD or BOD5) removal in SSF-CW systems are generally described 
by first order decay model (Crites and Tchobanoglous 1998):  
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τ 20 k
o t e C C
− =  
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Where Ct = effluent COD or BOD5 (mg/L) 
  Co = initial COD or BOD5 (mg/L) 
  k20 = volumetric removal rate constant at temperature 20
oC (d
-1) 
  τ = Hydraulic residence time (d) 
 
However, wastewater can be assumed to contain constituents with different 
degradability, and it is possible to assume a continuous change in solution composition 
in which the change in apparent removal rate is also continuous with time (Shepherd et 
al. 2001b). A time dependent rate constant k can be applied for organic carbon removal 












Ko = initial removal rate constant (d
-1) at 20
oC 
b   = time based retardation constant (d
-1) 20
oC 
Incorporating Eqn 28, the COD removal equation for a batch type reactor or a plug flow 
























Where b and Ko can be obtained through the least squared errors optimisation.  The 
results of the experiments were analysed using Eqns 28 and 29  
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6.3.5  Temperature Profile 
 
Figure 7 shows the daily maximum and minimum temperature in the greenhouse facility 
where the SSF-CW experimental cells were set up.  The average of the daily maximum 
temperatures during the experiment was 23.7 
oC with the highest and the lowest of the 
daily maximum temperatures being 38 
oC and 17 
oC. The average, the highest and the 
lowest of the daily minimum temperatures during the experimental period were 13.7 
oC, 
25 
oC and 4 



























































Figure 7: Temperature profile of the green house during the experimental period 
 
 
Table 10 illustrates the average maximum and minimum room temperature during each 
batch experiment for both the vegetated SSF-CW and the un-vegetated SSF-CW.  Also, 
the input COD for each batch, the nitrogen species, and the hydraulic retention time are 
also provided in Table 10.  The average maximum temperatures were in the range of 
21
oC to 24
oC and average minimum temperatures were in the range of 9
oC to 15
oC for  
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the first six batches for the vegetated SSF-CW. The last three batches of the vegetated 
SSF-CW were in the range of 26
oC to 33
oC for the average maximum temperatures. 



















1 300  NH4-N 19 24  15  Inoculum 
added 
2 744  NH4-N 34 21  12 
3 225  NH4-N 25 21  11 
Vegetation in 
growth 
4 280  NH4-N 34 21  9 
5 790  NH4-N 35 21  11 




7 920  NO3-N 27 26  17 





















9 430  NH4-N 16 33  20  Vegetation 
replanted 
1 300  NH4-N 21 23  14  Inoculum 
added 
2 250  NH4-N 27 26  14   
3 520  NO3-N 14 31  18   
































6.4  Results  
 
6.4.1  COD Reduction with Ammonium as Nitrogen Source 
Figure 8 and Figure 9 show the dynamics of COD removal in both vegetated SSF-CW 
cell and the un-vegetated SSF-CW cell. The input COD was varied from 280 mg/L to 
941 mg/L and the ammonium - N concentration from 190 mg/L to 220 mg/L and the 
ortho-P concentration was in the range of 70 to 75 mg/L. The ratio of COD (given as Ct) 
of sample collected at a given time to the initial COD (Co) is given in the Y axis and the 




















































































































Figure 9: COD removal of un-vegetated SSF-CW cell, with ammonium as N  
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For vegetated SSF-CW (Figure 8), it can be seen that the COD reduction followed an 
exponential trend.  The first experiment was done with a COD of 300 mg/L, and the 
analysis  shows a first order decay rate k20 of 0.303 d
-1 (R
2 = 0.91), following Eqn 27.  
However, the experimental results from the second batch onwards did not agree 
completely to an exponential reduction after the enhanced initial removal. The decay 
rate varied with time similar to a retarded rate constant as in Eqn 29. The spectrum of 
results of different experimental batches could be fitted in the range of two retarded first 
order rate models based on Eqn 29;  Model A with Ko = 1.2 d
-1 and retardation 
coefficient (b) of 1.3 d
-1 and Model B with  Ko = 0.2 d
-1 and b of 0.24 d
-1.   
 
Similar to the vegetated SSF-CW, the un-vegetated cell showed a first order removal 
rate (Eqn 27) in the first batch, with a rate constant k20 of 0.366 d
-1, (R
2 = 0.93).  The 
second run of the cell with a COD of 250 mg/L reduced 75% of the COD in 48 hours, 
but the decay rate was slower in the remaining periods.  A retarded rate constant model 
of Eqn 29 with an initial Ko value of 0.8d
-1 and b of 0.55d
-1 fitted well with the second 
run of the un-vegetated SSF-CW cell.   
 
Table 11 shows the BOD5 values of samples of wastewater collected during treatment in 
both vegetated and un-vegetated SSF-CW cells during the batch experiments. It can be 
seen that during the treatment, the BOD5 reduction was at a higher rate than the COD, 
for the vegetated cell (which was the 6
th batch of experiment). The COD/BOD5 ratio 
increased with hydraulic retention periods of 7 days and 15 days, indicating treatment of 
biodegradable fraction in the wetland. In the case of the un-vegetated SSF-CW cell, the 
BOD5 reduction followed the COD reduction pattern, and in a retention time of 15 days 
all the BOD5 was removed from the effluent. But it was the first batch experiment in the  
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wetland cell and the feed was added with anaerobic sludge from an existing municipal 
wastewater treatment plant. 
 
Table 12 presents water quality data collected from the vegetated SSF-CW cell during 
different batch operations in the first phase where nitrogen was in the form of 
ammonium. The parameters apart from COD and HRT were measured in-situ using 
YEO-KAL water quality analyser.  COD values at the start of the batch (Co) and at the 
time of water quality monitoring (Ct) and hydraulic residence time (HRT) are also 
provided in Table 12.  An HRT value of ‘0’ indicates that the water quality 
measurements were carried out immediately after the feed of that particular batch.   
Measurements under column I and II were done for the first batch of the experiments, 
where 5% of the input volume contained anaerobic sludge from a municipal sewage 
treatment plant. The values of the redox potential in each batch from I to VI also 
corresponded with the plant growth. The redox showed a negative value (reducing 
environment) for the first two and the last set of data. In the first two sets, the vegetation 
was in the growing phase and the plant had not completely spread in the experimental 
cell. In the last set of experiment (set VI), the vegetation from the wetland cell was 
replanted and it was similar to the sets I and II.   
 
When water quality measurements were done for sets III through V, the vegetation was 
completely grown. But it is to be noted that readings were taken after extended 
residence period for sets III and V, during which time COD reductions of 72% and 94% 
occurred, though the input COD values were of high strength.  In the case of set IV, 
only 5 days elapsed since the start of that batch, during which time 57% COD was 
removed, although the input COD value was very low (225 mg/L) in comparison to the 
rest of the sets and the COD at the time of observation was 96 mg/L.  
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Table 11:   BOD5 and COD values of wastewater during treatment in SSF-CW 














22/9/04 0  480  941 1.96 100 300  3.00
29/9/04 7  160  602 3.76 20 30.4  1.52
7/10/04 15  60  527 8.78 0 1  -
 
Table 12:   Water quality of vegetated SSF-CW system with NH4-N 
(CODo and CODt represent the COD values at the start and at the time measurement, 
NA – not available as the probe was not working).  
 
Water Quality Analysis (with ammonium as N source) (Vegetated SSF-CW) 
Sampling Numbers 
Parameter Unit 
I II  III  IV  V  VI 
Experiment batch Nor  No  1  1  2  3  6  7 
DO (mg/L)  5.8 0.6 4.2 7.5  0.8 0.3
pH   6.98 6.97 5.6 5.27  4.53 7.25
Redox Potential  mV  N.A NA 127 137  250 NA
Temp 
oC 22.84 21.43 19.6 17.69  21.46 34.34
CODO mg/L  300 300 744 225  941 430
CODt mg/L  300 96 42 96  263.8 247
Hydraulic residence time  d  0  7  29  5  22  9 
 
6.4.2  COD Reduction with Nitrate as N source (Denitrification Stage) 
 
As demonstrated in Figure 10, the gravel bed with nitrate N showed a good COD 
removal efficiency in a shorter time period; over 80% COD was reduced in a matter of  
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48 hours. However, it took over 15 days to achieve additional 15 to 20% of COD 
removal in the first batch, and there was no appreciable reduction in the next two 
batches, where the COD concentrations were 1.5 and 2 times over the first batch.  Rapid 
reduction of nitrate was also achieved in about 2 days for gravel bed cell (results not 
shown here).  The results also did not follow a strict first order rate constant, as the first 
48 hours reduction was rapid, but it did not follow the same exponential decay pattern 
for the following days.  Exp Model in the Figure 10 used Eqn. 27, with a rate constant 
k20 of 0.6 d
-1 which fitted well in the initial phase for the 48 hours time, but did not 
represent the reduction pattern following this period.  Exp (520) (see Figure 10), which 
is an exponential curve fitting for the batch experiment with initial COD of 520 mg/L, 
provided a k20 value of 0.266 d
-1, represented well the decay of the latter period of COD 
removal, but it did not simulate the removal rate at the initial stages (first 48 hours) of 
that batch or the removal rate of other batches.  It indicates that no single first order 
exponential decay constant model could represent the COD removal in denitrification 
phase.  Model C used a first order retarded rate equation (Eqn 29) with an initial decay 
rate constant (Ko) of 3.5 d
-1 and a retardation coefficient (b) of 10.0 d
-1. This model 
fitted well with the batches with 782 mg/L and 1050 mg/L COD values (degree of 































Figure 10: COD removal by un-vegetated SSF-CW cell with nitrate as N  
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COD removal pattern of vegetated bed when nitrate was nitrogen source did not follow 
the path of un-vegetated cell at all. In about 48 hours, only 40% of COD was removed 
in contrast to the un-vegetated cell where 80% of COD was removed within the same 
period, and it was interesting to note that the actual COD value increased over period of 
time. Also the ammonium concentration in the effluent increased from nil (the feed did 
not contain any ammonium, all the nitrogen was in nitrate form) of the influent to about 
60 mg/L.  The vegetation appeared to be under stress and by the end of the second run, 
all the plants were dead. On examination, it was observed that all the roots decayed.  
Due to this, further study on carbon removal during denitrification on vegetated SSF-


















Figure 11: COD removal by vegetated SSF-CW with nitrate as N 
 
In order to determine the cause of plant death, a qualitative observation study was 
carried out on growth of vetiver grass shoots in solutions containing 75 mg/L of ortho-P 
and 200 mg/L of N either as ammonium or nitrate. A control with no nutrients but with 
tap water was also used.  The vetiver grass shoots grew equally well in both nitrate and 











I II III 
Experiment batch number  No  8 3  4
DO (mg/L) 0.3 0.3  0.3
pH   7.89 7.14  7.97
Redox mV  -688 -414  -568
Temp 
oC 29.2 30.36  33.41
CODO mg/L  650 520  782
CODt mg/L  348 21.5  146.9
HRT d  14 14  8
 
The water quality of the vegetated and un-vegetated SSF-CW cells during 
denitrification stage is provided in Table 13. The values of redox potential in both 
vegetated and un-vegetated SSF-CW cells were always below zero and were in the 
range of -400 to -700 mV, and the DO concentrations were very low. These sets of 
batch experiments were done in summer months as reflected in the water temperature of 
about 30
oC. The pH value in both wetlands remained in the range of 7 to 8. 
 
The evapotranspiration from vegetated SSF-CW was prominent in the final stages of the 
batch experiments, mainly due to warmer temperature and high vegetation cover. The 
average evapotranspiration when the vegetation cover matured as the water level 
difference in SSF-CW was about 8 mm a day, whereas the evaporation from the un-
vegetated cell was only 3 mm a day.   
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6.5  Discussion 
 
6.5.1  COD Removal with Ammonium N 
 
Both SSF-CW system with vetiver grass and the un-vegetated SSF-CW system 
achieved substantial carbon (as COD) reduction of over 80% when applied with high 
concentrations of ammonium. However the results did not follow a strict first order rate 
constant for both the vegetated and the un-vegetated system for all the batches of the 
experiments.  
 
The reason for the first batches of both vetiver grass vegetated and the un-vegetated 
cells showed accurate exponential first order kinetics can be attributed to the anaerobic 
sludge that was added to the influent as microbial seed.  The degradation in the first 
batch was anaerobic in the SSF-CW cells as evidenced from the reducing redox 
potential values in the wetland cells.  Typically, first order exponential decay method 
with a temperature depended decay constant has been used in design of horizontal type 
sub-surface flow wetlands (Kurup and Pullammanappallil 2004).  However, the 
evaluation of performance of existing SSF-CW systems in many parts of the world have 
indicated that these systems do not follow a typical first order exponential decay 
(Kadlec and Knight 1996; Mitchell and McNevin 2001; Shepherd et al. 2001b).  The 
longer hydraulic retention time (HRT) did not make any significant change in the 
effluent COD or BOD5 values in many reported cases, and the exponential first order 
decay model has been modified to include a limiting background concentration (Kadlec 
and Knight 1996), a linear function of the influent BOD5 concentration. However, for 
high strength wastewater this background concentration has found to be very high, and  
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did not reproduce the BOD5 or COD outputs of SSF-CW with high strength wastewater 
(Kurup and Pullammanappallil 2004).  
 
First order time retarded rate reaction rate as provided in Eqn 29 (Metcalf and Eddy 
2003) could be used to model the COD removal dynamics for high strength wastewater. 
When the first order time retarded rate model as provided in Eqn 29 was applied in this 
study, it yielded better results in modelling the performance of SSF-CW. Similar results 
have been reported previously with winery wastewater treatment (Shepherd et al. 
2001b).  
 
It appears that for the retardation rate constant model as in Eqn 29, there are two rate 
constants and retardation coefficients for low strength and high strength feeds. The 
upper ranges of COD (~790 mg/L and 940 mg/L) were applied in warmer period 
(average maximum temperature was in the range of 26 to 30
 oC, and it was expected to 
have a higher rate constant for these batches than the previous batches which were 
applied on a temperature around 23 
oC. There may two reasons for the reduced COD 
removal rate. The evaporation from the SSF-CW was about 8 mm per day, and this 
would substantially increase the COD of the remaining liquor. The effect of high 
evapotranspiration from the vegetated wetland would be higher on COD than on BOD5, 
as the concentration of refractory organics would have increased, resulting in elevated 
COD values. This is evident from the fact that the BOD5 values for the Batch 6 showed 
a higher removal rate than that of the COD.  Refractory organic matter may increase the 
COD values; however, it may not be picked up in the BOD5 readings due to their slow 
or little biodegradability.   Besides, the biomass (sludge yield) generated during the 
previous batch experiments might have also contributed to the organic load and the 
overall COD might have increased due to this. The effect of  organic matter  
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accumulation, mainly from the particulate matters in the influent, in the performance of 
SSF-CW wetlands has been investigated earlier (Tanner et al. 1998).  High strength and 
high nutrient wastewater could also produce more elevated sludge yield, and in our 
particular study, the transparent side walls of the system also contributed to growth of 
algae, which had eventually contributed to the increased COD values.  
 
For winery wastewater, the reported range of initial rate constant Ko was 9 to 12 d
-1 and 
for retardation rate was 2 to 5 d
-1 (Shepherd et al. 2001b). However at these rates, 96 to 
99.9% of COD reduction would take place in a day, and we could not reproduce such a 
high removal of COD in any of our batch experiments.  It may be perhaps due to the 
higher biodegradability of winery wastewater (Shepherd et al. 2001a) than that of 
molasses waste, which we used in our experiments as the carbon source.  
 
The positive values of redox potential and the elevated dissolved oxygen concentrations 
of the vegetated SSF-CW cell with ammonium as N source in the sets III through V 
indicate that plants do play a major role in COD reduction. However, in the early stage 
of the wetland where the vegetation would be still growing and spreading out, the major 
pathway for COD removal would be anaerobic, as indicated in our results. Also during 
the initial stages of high strength wastewater treatment (in the case of batch feeding) or 
first few meters in the case of a plug flow SSF-CW system, the process mechanism 
would be anaerobic. As the COD values would become lower, the redox would go in 
the positive range and the major mechanism for COD removal would be aerobic 
biodegradation. We can conclude that in a vegetated wetland system, there can be a 
combination of both aerobic and anaerobic pathways for COD removal. 
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6.5.2  COD Removal During Denitrification 
 
One of major bottlenecks for the large scale application of SSF-CW system as a major 
wastewater treatment technology is the requirement of large footprint. Although the 
operation and maintenance cost of SSF-CW system would be substantially lower than 
that of activated sludge systems or other mechanically aerated systems, the requirement 
of larger footprint and cost of bed media can make SSF-CW system an unsuitable 
candidate in many projects. If the retention time required for SSF-CW for high strength 
wastewater treatment could be brought down to just two or three days in place of the 
current requirement of two to three weeks, then there is an enormous potential for this 
technology even for major projects in both developed and developing countries.  
 
One of the methods by which the retention time of SSF-CW could be minimised is by 
providing denitrification stage at the start of the system in the case of a plug flow mode 
or in the first cell in the case of a vertical flow system. This is similar to the Modified 
Ludzak- Ettinger (MLE) process (US-EPA 1993a) which is used for biological nitrogen 
removal in advanced mechanical systems such as activated sludge systems. In this case, 
nitrate is used an electron acceptor for the oxidation of organic matter. The kinetics of 
the heterotrophic bacteria is a function of readily available organic matter or volatile 
suspended solids as electron donor. The stoichiometric oxygen equivalent of nitrate is 
2.86 g O2/g NO3-N removed. In practice it is about 4 mg/L of BOD5 removal per g of 
NO3-N removed (Metcalf and Eddy 2003). By adopting this process, there can be a 
substantial savings of land requirement for SSF-CW systems for treating wastewaters 
consisting of high carbon and high nitrogen.  For example, meat processing wastewater 
has about 200 to 250 mg/L of ammonium N, and assuming that the ammonium is 
nitrified in a post aerobic (mechanical or a vertical flow SSF-CW) system and  
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recirculating to the front end denitrification wetland, over 800 to 1000 mg/L of BOD5 
could be immediately removed in the up front anoxic cell. Such a combined system 
could improve the operational efficiency and capital cost required for SSF-CW systems 
which would make them a real competitor to mechanical systems such as activated 
sludge plants even on a municipal or large industrial plant level.  
 
In our research, the un-vegetated SSF-CW, performed better than the vegetated SSF-
CW in the nitrate experiment. The rapid removal of 80% removal of COD in about 48 
hours during denitrification stage in an un-vegetated SSF-CW is not unprecedented 
(Hamersley and Howes 2002).  The reason 20% of COD left after 48 hours of operation 
could be because the readily available biodegradable COD may be only 80%. The 
evaporation has played only a small part for the un-vegetated wetland to affect the final 
COD values due to limited HRT.  COD removal modelling during denitrification is yet 
to be fully understood, as most of the models refer to nitrate removal dynamics. The 
current attempt to model COD removal with denitrification has yielded reasonably good 
results for the initial stages, but further modifications are required to fully capture the 
COD removal dynamics during denitrification.  
 
Dissolved oxygen can inhibit denitrification by repressing the nitrate reduction enzyme. 
A dissolved oxygen concentration of 0.2 mg/L and above has been reported to inhibit 
nitrate reduction for a Psuedomonas culture (Metcalf and Eddy 2003).  The dissolved 
oxygen concentration and the positive redox values in the vegetated SSF-CW when 
applied with high COD and high ammonium wastewater, indicate that the vegetation 
was providing a good oxygen transfer. When nitrate was applied to the vegetated SSF-
CW cell in this study, the high DO values would have inhibited the denitrification. It 
may explain the poor carbon removal rate (also the low nitrate removal).  Addition of  
  93
extra carbon beyond the requirement of nitrate removal has been found to encourage 
denitrification rate, because it created anaerobic environment in a previous study 
(Hamersley and Howes 2002).  
 
The performance of vegetated SSF-CW on COD removal during denitrification was 
poorer than the un-vegetated SSF-CW cell. The slight increase in output COD on day 
14 can be attributed to evapotranspiration.  Evapotranspiration was very prominent in 
the vegetated SSF-CW cell and it had certainly increased the COD values, thus reducing 
the performance. However, even after taking in to account of the COD increase due to 
evapotranspiration, the vegetated SSF-CW performance was poor during de-
nitrification.  The pH levels and the redox potential during denitrification in both 
vegetated and un-vegetated SSF-CW indicate that good denitrification took place. 
Denitrification elevates alkalinity levels and pH. 
 
There are only a very limited number of studies on denitrification with high 
concentration of nitrate in a vegetated SSF-CW.  In our study, vetiver grass (Vetiveria 
zizanioides, recently reclassified as Chrysopogon zizanioides) became stressed at the 
start of the application of nitrate, and eventually all the plants were dead in about a 
month, and just with two sets of batch studies of 14 day retention time each. There are 
no reported case studies of application of vetiver grass exclusively for denitrification of 
high nitrate wastewater either in an SSF-CW or other type. In the observation study, it 
could not be established that nitrate as such is not toxic to vetiver grass. However, we 
could not establish in absolute terms the exact reason why the plants died during 
denitrification stage. Perhaps the denitrification process itself such as prolonged 
reducing environment was causing the decay of root tissues of the plant.  
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The presence  of ammonium to the order of about 60 mg/L when there was no 
ammonium in the influent indicates that the system was generating ammonium either by 
decay of dead bacterial cells and plant tissues or through conversion of nitrate into 
ammonium such as assimilation of nitrate to ammonium for cell synthesis.   
 
Other plant species such as canarygrass (Phalaris arundinacea), reed (Phragmites 
communis), bulrush (Scirpus atrovirens georgianus) or typha (Typha latifolia) were 
used in a denitrifying SSF-CW under varying COD loading rate, but the planted 
wetlands performed well during denitrification (Zhu and Sikora 1995).  It may be that 
vetiver grass is not suitable for denitrifying wetlands. Further studies need to be carried 
out to reach definite conclusions on toxicity due to denitrification to vetiver grass.     
From an engineering perspective, if the same or better results can be achieved from a 
non-vegetated SSF-CW cell for carbon and nitrate removal, there is no need for planting 
vegetation. However, from an aesthetic or landscaping point of view, vegetated 
wetlands would have a better acceptance.  
 
6.6  Conclusions 
 
The research concludes that high strength COD reduction is achievable in SSF-CW 
system, and with proper engineering the retention time required for the cells could 
potentially be reduced to about two days.  COD removal rate of wastewater with 
ammonium N followed a first order retarded rate constant model.  Vetiver grass was 
found to be an effective plant species for COD removal for wastewater with NH4
+- N, 
however, vetiver grass could not survive in a denitrifying SSF-CW cell.  Un-vegetated, 
SSF-CW system performed better than the vegetated system for COD removal in a 
denitrifying condition.  Engineered un-vegetated denitrifying SSF-CW system followed  
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by a nitrification system of vertical SSF-CW or with mechanically aerated system with 
effluent recycling to the front end denitrifying SSF-CW could provide a better 
alternative to conventional wastewater treatment system such as activated sludge.  
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CHAPTER 7 
Nitrogen Removal Dynamics in Experimental Sub-Surface Flow 




This chapter deals with the experiments with nitrogen removal dynamics in batch type 
experiments in sub-surface flow constructed wetlands systems with vetiver plant as the 
emergent vegetation and another SSF-CW without any vegetation. Both these systems 
were fed with artificial wastewater with high nitrogen concentration (either as 
ammonium N or as nitrate nitrogen). The removal of both ammonium – N and nitrate – 
N in SSF-CW wetlands followed a first order decay model.  The NH4-N removal in both 
vegetated and un-vegetated SSF-CW system ranged from 40 to 60 % of the influent 
concentration. Provided the carbon source was available, the denitrification also 
followed a first order exponential decay trend, and over 80% of nitrate was removed in 
48 hours. 
 
7.1  Introduction 
 
Nitrogen removal is an important aspect in meat processing effluent treatment. 
Traditionally, phosphorus has been considered as an important pollutant responsible for 
algal blooms. However recent studies in many estuaries and water bodies in Western 
Australia have indicated that it was nitrogen rather than the phosphorus that was the 
controlling nutrient (Thompson et al. 1997). This has lead to stringent regulations for 
nitrogen concentration in the effluent for final discharge in many environmentally 
sensitive locations in Western Australia.   
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One of the commonly applied methods to remove nitrogen from both municipal 
wastewater and process effluent is biological nitrification and denitrification (Metcalf 
and Eddy 2003) . This method is applied in different configurations in different types of 
treatment technologies such as suspended growth systems (eg. activated sludge, 
extended aeration, sequencing batch reactors, and oxidation ditches) and attached 
growth systems (trickling filters, rotating biological reactors).  The general processes 
that are responsible for nitrogen removal and the design methods for achieving high 
quality effluent are reasonably known for these technologies.   
 
Application of SSF-CW systems with a primary objective of nitrogen removal is not yet 
in common practice. There have been a limited number of research studies on use of 
SSF-CW for both nitrification and denitrification; however the feed consisted of typical 
municipal wastewater with a nitrogen concentration of less than 80 mg/L.  Nitrification 
using horizontal flow wetland system is not considered as economical, as the 
nitrification will be effective only after biodegradable carbon is removed. SSF-CW 
systems have both anaerobic and aerobic zones, and these two pathways contribute to 
organic carbon removal.  However, the nitrification requires oxygen transfer and the 
dissolved oxygen (DO) concentration in the system should ideally be above 1 mg/L.  
Considering the limited oxygen transfer through rhizome (Brix 1997), a typical passive 
horizontal flow type SSF-CW will have only limited capability for nitrification.  In 
order to completely nitrify ammonium, a large surface area will be required, which will 
require substantial capital cost.  However, there may be other mechanisms such as plant 
absorption, adsorption to plant media, volatilisation (though it will be limited in near 
neutral pH), immobilisation in bacterial biomass. 
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7.2  Objectives 
 
The aims of the experiments were to understand the treatment processes in SSF-CW 
system when applied with high concentration of nitrogen either as ammonium or nitrate. 
The detailed objectives include: 
 
1.  determine the rate of ammonium removal in SSF-CW planted with vetiver grass 
and in unplanted gravel bed reactor; 
2.  determine the rate of nitrate removal in SSF-CW planted with vetiver grass and 
in the gravel bed reactor; 
3.  the indirect role of plants in nitrification and denitrification in SSF – CW 
system; 
 
7.3  Methodology 
 
7.3.1  Experimental Setup and FeedPpreparation 
 
The experimental setup and feed preparation used for this study are explained in 
Sections 6.3.1 and 6.3.2.  
 
7.3.2  Sample Procedures 
 
Analysis for ammonium N, nitrate N and Total nitrogen were carried out as per 
Standard Methods ((APHA 1992). 
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7.3.3  Nitrogen Toxicity Test for Vetiver Grass  
 
A study was carried out separately to observe if nitrogen as nitrate or ammonium with 
high P concentration was toxic to vetiver grass. Three conical flasks each with a volume 
of 2000 mL were used.  The first flask contained ammonium – N of 200 mg/L (using 
NH4Cl) and 75 mg/L of phosphorus (using KH2PO4) prepared in de-ionised water. 
Similarly the second flask contained 200 mg/L of nitrate – N (using KNO3) and 75 
mg/L of phosphorus (using KH2PO4), prepared in de-ionised water. The third flask 
contained only de-ionised water. Vetiver grass shoots of the same size were placed in all 
the three flasks and kept for over three months for observation in the greenhouse where 
the wetland experiments were being carried out.  
 
7.4  Results  
 
7.4.1  Ammonium Removal 
 
Figure 12 and Figure 13 show ammonium N removals in SSF-CW with vetiver grass 
and un-vegetated wetland cell, for a range of influent COD and ammonium 
concentrations. In these figures, the X axis represents hydraulic retention time (HRT) in 
days and the Y axis shows the ratio of concentrations of residual ammonium N (Ct) over 
initial ammonium - N (Co) expressed as a percentage. 
 
The input ammonium concentration (Co) for vegetated wetland cell ranged from 100 to 
230 mg/L, whereas the ammonium input to un-vegetated wetland cell was in the range 
of 180 to 200 mg/L. The input COD for vegetated cell during experiments with 
ammonium –N was in the range from 300 to 940 mg/L. Similarly, the input COD for  
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un-vegetated wetland cell with ammonium N was in the range to 250 to 300 mg/L.  It 
can be seen in Figure 12 and Figure 13 that the ammonium removal kinetics in both 
vegetated and un-vegetated cells followed a first order rate model.  The ammonium- N 
removal for vegetated SSF-CW can be summarised as:  
 
t
o t e N NH N NH
022 . 0
) ( 4 ) ( 4 *




NH4-N(t)   =    ammonium concentration after ‘t’ days  
NH4-N(o)  =   ammonium  concentration  in the influent or t = 0 
t   =   HRT 
Similarly for the un-vegetated cell, the ammonium N removal is expressed in Eqn. 31. 
t
o t e N NH N NH
03 . 0
) ( 4 ) ( 4 *









































Figure 13:   Ammonium removal in un-vegetated SSF-CW system 
 
 
Table 15:   NH4-N, NO3 -N and COD in un-vegetated SSF-CW cell during 
nitrification 
 In about 34 days of HRT, 66% of ammonium N and 100% of COD were removed, and 
4.6 mg/L of NO3-N (2.5% of ammonium N) was formed. There was visible growth of 
algae on the reactor walls during this time. It is interesting to note that nitrate-N 
concentration in the sample collected immediately after loading the reactor was 1.2 




Table 14 demonstrates the COD, ammonium and nitrate values during treatment of 
representative batches with different COD strength with low and high strength influent 






Table 14: NH4-N, NO3-N and COD values in vegetated SSF-CW cell during 
nitrification 
 
Low Strength COD  High Strength COD 
HRT 
COD NH4-N NO3-N COD NH4-N NO3-N 
days mg/L 
0  300 130 <0.2  941 190 <.2 
8  96  120 0.2  602 170 <.2 
15  9  110 0.5  528 160 <.2 
20  0.9 100  2.7      
22  0.1 99  3.7 263  150  <.2 
26  0.1 94  3.8      
 
For the low strength COD loading in vegetated SSF-CW system, the COD was reduced 
to just 3% of its initial value in about 15 days. During this time, the ammonium-N 
removal was 20 mg/L (15% removal), and there was no conversion of ammonium N to 
nitrate N (0.2 mg/L is the minimum detection limit). Once the COD was reduced, the 
oxidation of ammonium N to nitrate N commenced. By day 20, the COD was 0.9 mg/L, 
and the nitrate N concentration increased to 2.7 mg/L. However the pathway of 
nitrification in a batch type or horizontal flow type SSF-CW system does not have much 
significance as it is only just 2% of the total ammonium N feed that converted to nitrate 
N.  When the batch retention time was extended to 26 days, about 28% of input 
ammonium N was removed, however the conversion to nitrate N was only about 3%.  
There has been significant algal growth in the reactor wall, due to the wall being 
transparent. When a COD of about 940 mg/L was applied to the vegetated SSF-CW 
system, the COD removal was 72% in 22 days. However the residual COD was still 
significant, which is about 263 mg/L.  The ammonium N reduction in the residence time  
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of 22 days was 21%.  There was no apparent conversion of ammonium N to nitrate N, 




Table 15:  NH4-N, NO3 -N and COD in un-vegetated SSF-CW cell during nitrification 
1 2 
HRT 
COD NH4-N NO3-N COD NH4-N NO3-N 
days mg/L 
0 300.0 200.0 <0.2  250.0 180.0 1.2 
2       60.0  130.0 0.2 
7  30.0 120.0 <0.2  20.0 120.0 0.8 
15 0  100.0 3.8  10.0 115.0 2.8 
20       8.0  110.0 3.8 
22 0  90.0  8.4       
28       6.8  100.0 3.8 





































Figure 14: Nitrate-N removal in vegetated SSF-CW system 
 
Nitrate removal dynamics of both vegetated and un-vegetated SSF-CW are presented in 
Figure 14 and Figure 15  respectively. In these figures, X axis represents the hydraulic 
retention time and the Y axis shows the ratio of remaining nitrate N (Ct) over the initial 




















  Figure 15: Nitrate-N removal in un-vegetated SSF-CW system 
 
The initial COD loadings were 930 and 650 mg/L for the vegetated SSF-CW cell and 
782 and 1050 mg/L for the un-vegetated SSF-CW cell. Similarly, the initial nitrate  
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concentrations were 190 and 52 mg/L for the vegetated cell and 170 and 200 mg/L for 
the un-vegetated SSF-CW cell. 
 
The nitrate-N removal in both vegetated and un-vegetated SSF-CW followed an 
exponential trend.  Based on the results of the experiments, the nitrate removal in both 
SSF-CW cells could be statistically modelled as: 
t k
o t e N NO N NO
20 * ) ( 3 ) ( 3
− − = −  
32
Where: 
NO3-N(t)    -   concentration of nitrate – N for a given HRT 
NO3-N(o)   -   concentration of nitrate – N for at the start (t = 0) 
k20      -   first order rate constant at a temperature of 20
oC 
t    -     H R T  
The value of k20 for vegetated SSF-CW has been determined as 0.27 d
-1, with a degree 
of correlation (R
2) of 0.7.  Similarly, the value of k20 for un-vegetated SSF-CW has been 
estimated as 0.42 d
-1 (R
2 = 0.96). The influent nitrate-N concentration was in the range 
of 70 to 200 mg/L. The COD of each batch was chosen to be at least 4 times the nitrate-
N concentration so that there would not be lack of carbon sources during denitrification. 
 
Both vegetated and un-vegetated SSF-CW cells are found to be effective in 
denitrification. Over 90% of nitrate N was removed in about 7 days. One noticeable 
difference between vegetated and un-vegetated system is the formation of ammonium N 
during denitrification.  About 25 to 80% of input nitrate N was converted to ammonium 
N during denitrification in the case of vegetated SSF-CW cell.  There was only a 
marginal ammonium - N (less than 3.5 mg/L or less than 2% of input nitrate N) 
formation in the case of un-vegetated SSF-CW.   
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Table 16: NH4-N N, COD and NO3-N during denitrification in vegetated SSF-CW cell 
1 2 
HRT 
COD NH4-N NO3-N COD NH4-N NO3-N 
days mg/L 
0  930.0 2.0 190.0  650.00 1.3 53.0 
2 58.9 44.0  130.0     
7  502.2 63.0 23.0 377.00 42.0 0.6 
15  641.7 51.0 0.2  429.00 44.0 0.2 
20 725.4 51.0  0.2     
 
Table 17: NH4- N, COD and NO3-N N during denitrification in un-vegetated SSF-CW  
1 2 
HRT 
COD NH4-N NO3-N COD NH4-N NO3-N 
days mg/L 
0  782.0 0.8 170.0  1050.0 0.3 200.0 
2     265.0 0.3  40.0 
4     243.0 1.2  34.0 
6     225.0 1.4  32.0 
8 161.0 1.8  32.0    
15  150.0 2.0 26.0 193.0 2.2 22.0 
17 120.0 3.4  20.0     
  
 
During denitrification study, the vegetation appeared stressed out initially and 
eventually all the plants died. The pH of the liquid in both vegetated and un-vegetated 
cells were in the ranges of 6.5 to 7.5 during denitrification study.  
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7.4.3  Nitrogen Toxicity to Vetiver Grass 
 
The study to observe if nitrate or ammonium – N is toxic with high ortho-P 
concentration for over 90 days showed that nitrogen in the form of nitrate-N or 
ammonium -N was not toxic to vetiver grass. The vetiver grass shoots grew vigorously 
in the flasks that contained phosphorus along with nitrate or ammonia. But the grass 
shoot in the control with no nutrients remained alive during the experimental period of 
90 days; however, the growth was stunted. The pH of all the solutions was in the range 
of 6.5 to 7.5. 
 
7.5  Discussion 
 
7.5.1  Ammonium N Removal 
 
Ammonium-N removal in treatment wetlands including subsurface flow is currently 
based on global first order rate models (Kadlec 2003; Kadlec et al. 2000). Data for 18 
years for ammonium N removal in the Houghton Lake treatment wetland showed a 
similar first order rate constant, with a rate constant of 0.0106 m
-1 and an intercept of 
1.09. The data were measured for every 50 m from the inlet (Kadlec and Knight 1996). 
The distance from the inlet is analogous to the varying HRT of a batch type system. In a 
typical input-output analysis of the performance data of both wetland cells, ammonium 
N removal rates performed within the ranges of reported values. In the present study, 
the removal rate was 0.02 d
-1, which is nearly twice of the Houghton Lake study. 
However, it is to be noted that for the Houghton Lake study, the rate constant is a 
function of distance from the inlet, and further an adjustment is to be made for  
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converting the distance from the inlet to an equivalent HRT value to get a precise 
comparison.  Also, the Houghton Lake wetland is a surface flow or free water surface 
wetland, and its performance would be different to a sub-surface flow system. 
 
A first order rate constant equation based on HRT will have larger application on a 
universal level than the rate constant based on distance from the inlet zone. As HRT is a 
function of inflow, length, width, depth, porosity or hydraulic conductivity, bed slope, 
evapotranspiration and precipitation, the ammonium removal equation based on HRT 
can be used as a design tool for applications elsewhere, and also for comparison of 
performance of other systems. A rate constant equation based on the distance from the 
inlet excludes the other important variables and limits the wider use of the model unless 
these variables are also available.  
 
The first order rate constant model for ammonium removal based on the experiments for 
both vegetated and un-vegetated SSF-CW offers a valuable tool for design of 
ammonium removal process. 
 
The results of the current experiments demonstrate that the main mechanism of 
ammonium N removal in sub-surface flow constructed wetlands is not nitrification 
pathway. The input ammonium N concentration used in this study representing typical 
meat processing industry effluent was three to four times that of typical municipal 
wastewater. With a high COD, the limited oxygen available either through surface 
exchange or through plant rhizome was readily used for oxidation of organic carbon. 
The unavailability of oxygen limited conversion of ammonium N to nitrate N.  The 
major sink for ammonium may be uptake by plant, bacterial biomass and by algae, 
which formed on the transparent sides of the reactor and on the top layer of the gravel- 
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water interface area, and adsorption by gravel. In a previous study, it was observed that 
61% of the removed ammonium N was by sorption onto gravel (Zhu and Sikora 1995).  
 
The overall ammonium N removal reported in field studies varied from 12 to 85%, and 
an assessment of 268 European SSF-CW indicates that the ammonium N removal was 
in the range of 30 to 40% (Kuschk et al. 2003). In the present study the ammonium 
removal was in the range of 40 to 60%, within a range of 20 to 30 days of HRT. 
However, the influent ammonium N concentration, the HRT and plant species are not 
known for the European study for a better comparison. 
 
There is no distinct difference between the performance of vegetated and un-vegetated 
SSF-CW in terms of ammonium N removal.  Other short term studies on performance 
of SSF-CW have concluded similar results (Drizo et al. 1997; Sikora et al. 1995), which 
indicate that apart from nitrification, other means of ammonium N removal such as 
sorption by gravel and bacteria uptake may have more significant role than plant uptake 
and nitrification.  
 
7.5.2  Denitrification 
 
The results of both COD and nitrate removal indicate that the significant mechanism for 
nitrate removal is denitrification pathway. Both vegetated and un-vegetated cells 
showed an exponential removal process and in most of the batches, there was no lack of 
bCOD (biologically available COD). In a similar study, almost 100% nitrate was 




There was a distinct difference in nitrate N removal, ammonium N formation and COD 
balance between vegetated and un-vegetated SSF-CW.  The nitrate N removal in 
vegetated cells was about 99.9% in over a week.  As the vegetation was completely 
dead during this period, there was an increase of COD and ammonium N due to decay 
of roots and submerged parts of the plants. This carbon, which can be assumed to be 
readily biodegradable, can be attributed to the higher removal percentage of nitrate – N 
in comparison to un-vegetated cell.  In un-vegetated SSF-CW, the nitrate N removal 
rate was nearly 90%. The COD values at the same time were 90% of the input values, 
which indicates that the COD was more refractory and not biologically available for 
heterotrophic bacteria. Carbon limitation for denitrification in SSF-CW has been 
reported in many previous studies (Bezbaruah and Zhang 2003; Ingersoll and Baker 
1998). 
 
This study could confirm that high concentration of nitrate alone was not toxic to 
vetiver grass. The reason for the stress and eventual dying of the vegetation could be 
attributed to denitrification process itself, which for some reason might have affected 
the rhizome.   No previous literature could be found on denitrification toxicity to 
vegetation. It may be due to the fact that the influent nitrate concentration in this study 




7.5.3  Role of Vetiver Grass in Nitrogen Removal 
 
This study could not establish any particular importance for vegetated SSF-CW over un-
vegetated SSF-CW system. Vetiver is not a well researched plant for its application as  
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vegetation for SSF-CW system, although there a few number of studies. Most of the 
reported studies on vetiver application for nutrient stripping and application to SSF-CW 
systems were carried out in low nitrogen environment such as water bodies or 
secondary sewage effluent and the studies were based on field trials with limited 
opportunities for control. These field studies, by committed vetiver specialists  have 
earlier concluded that   vetiver is a good vegetation of nitrogen removal (Ash and 
Truong 2003a; Ash and Truong 2003b; Smeal et al. 2003).  In my research, there was 
no apparent difference in the removal of ammonium N by vetiver planted or unplanted 
SSF-CW system. Similar results have recently appeared in another study, where vetiver 
could not tolerate high salinity and nutrient loading (Klomjek and Nitisoravut 2005), 
which essentially points out that further research is needed to confirm the effectiveness 
of vetiver as a plant for SSF-CW system. Vetiver grass could not tolerate denitrification 
state and all the shoots eventually died. However, other wetland plants such as cattail 
and canary grass have been reported to perform well in the state of denitrification in 
wetlands (Zhu and Sikora 1995). This study could not confirm superiority for vetiver 
grass over other reported wetland plant species during nitrate removal. At the same 
time, vetiver was tolerant of ammonium N concentration of 250 mg/L, and over 1000 
mg/L of COD, and there are not many reported studies of application of typical wetland 
plant species for this concentration of ammonium N and COD. When an experimental 
wetland planted with Phragmites australis was applied  with high strength leachate of 
various dilutions, the plants   appeared to be stressed out (became yellow) when 
ammonium N concentration was about 370 mg/L and all the plants died when the 
ammonium N concentration was over 700 mg/L (De Feo et al. 2005).  
  
7.6  Conclusions  
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Ammonium N removal followed a first order decay trend, with a removal rate in both 
vegetated and un-vegetated SSF-CW system with an average removal ranging from 40 
to 60 %. Denitrification appears to be the pathway for nitrate removal, and the limiting 
parameter is the carbon source. Given the availability of carbon source, the 
denitrification also followed a first order exponential decay trend, and over 80% of 
nitrate was removed in 48 hours. Vetiver grass sustained elevated ammonia levels of 
200 mg/L or more; however it was under stress during denitrification and eventually 
died.  Un-vegetated SSF-CW performed near the same as that of vegetated cell in both 






Phosphorus Retention Dynamics in Experimental Sub-surface Flow 




Phosphorus retention in subsurface flow constructed wetlands (SSF-CW) with no 
vegetation and with vetiver grass as emergent vegetation was investigated in two 
separate sets of experiments of nitrification and denitrification.  During the nitrification 
study, high level of P removal from wastewater was achieved, which followed an 
exponential trend for both vegetated and un-vegetated SSF-CW system. However 
during denitrification stage, the P removal was only 50% of the input value for 
vegetated cells, and there was no appreciable amount of P removal in un-vegetated cell. 
The study concludes that application of expensive reactive media may be not useful for 
placing in anoxic zones for P retention. 
 
8.1  Introduction 
 
There are contradictory claims on the capability of sub-surface flow constructed 
wetland systems for retention of phosphorus (P).  There have been some claims that 
SSF-CW systems would be capable of P retention for a minimum of 100 years (Hudson 
1991), whereas other studies reported that SSF-CW systems are not efficient in 
sustaining a high level of P removal from wastewater (Arias and Brix 2005; Arias et al. 
2001; Hiley 1995; Hunt and Poach 2001) .   
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Phosphorus removal from wastewater to a level of less than 1 mg/L is becoming a 
common requirement by regulatory authorities for many ecologically sensitive 
locations, particularly where the soil is consisting of mainly quartz type sands with very 
low phosphorus retention capacities.  
 
The most common method to remove phosphorus from both municipal wastewater and 
process effluent is by chemical precipitation by mineral salts of aluminium or iron such 
as aluminium sulphate (alum) or iron chloride (Metcalf and Eddy 2003; US-EPA 1987). 
Biological phosphorus removal systems are normally used for larger municipal 
treatment plants with supplementary chemical removal facilities as well. Due to 
complex operational controls required, biological P removal systems are not usually 
employed in stand alone industrial wastewater treatment plants. 
 
Application of SSF-CW systems with a principal objective of phosphorus removal is 
not in common practice.  Uptake of phosphorus by plants alone does not contribute to 
sustainable P removal in SSF-CW systems (Kyambadde et al. 2005; Richardson and 
Marshall 1986).  Nevertheless, the plants in the wetland system take up a fraction of P, 
but the influence of the plant uptake of P depends on the concentration on the overall P 
flux.  For influent with a low P concentration, the plant uptake may be a major factor, 
however, for wastewater with high P concentration such as meat processing effluent, 
where the influent P ranges from 50 to 80 mg/L, the influence of vegetation is of 




8.2  Objectives 
 
The aims of the experiments were to understand the P retention in SSF-CW system 
when applied with high concentration of phosphorus. The detailed objectives include: 
 
1)  determine the effect of different operation regimes such as carbon removal, 
nitrification and denitrification on P retention in SSF-CW systems with and 
without vegetation; 
2)  the role of vetiver grass in P removal in SSF – CW systems; 
3)  to investigate the role of media in both vegetated and un-vegetated SSF-CW 
systems 
 
8.3  Methodology 
 
8.3.1  Experimental Setup 
 
The experimental setup and feed preparation used for this study are explained in 
Sections 6.3.1 and 6.3.2.  
 
8.3.2  Sample Analysis 
 
Analysis of soluble reactive P (SRP), total phosphorus (TP) were carried out according 





8.4  Results  
 
8.4.1  SRP Removal during Carbon Removal and Nitrification 
 
The removal of soluble reactive P (SRP) from wastewater in both vegetated and un-
vegetated SSF-CW systems are provided in Figure 16 and Figure 17 for a range of 
influent COD and ammonium concentrations, where, the X axis represents hydraulic 
retention time (HRT) in days and the Y axis shows the ratio of concentrations of 
residual SRP (Ct) over initial SRP (Co) expressed as a percentage. 
 
The input SRP concentration (Co) values ranged from 50 to 75 mg/L. The input COD 
for vegetated cell during the experiments was in the range from 300 to 940 mg/L. 
Similarly, the input COD for un-vegetated wetland cell during this phase of experiment 
was in the range to 250 to 300 mg/L. 
 
The removal rate of SRP followed an exponential behaviour as shown in Figure 16 and 
Figure 17 for both vegetated and un-vegetated SSF-CW cells. The general trend of SRP 
removal in SSF-CW can be summarised as:  
kt
o t e SRP SRP
− = * ) ( ) (   33
Where  
SRP(t)     =   SRP  concentration after ‘t’ days  
SRP(o)   =    SRP concentration in the influent or t = 0 
k    =    first order rate constant 
t   =   HRT 
The k value for the vegetated SSF-CW cell is estimated as 0.205 d
-1, (R
2 = 0.86) and for 
un-vegetated cell is 0.18 d
-1 (R










































Figure 17: P removal in un-vegetated SSF-CW system during nitrification 
 
8.4.2  SRP Removal during Denitrification  
 
SRP removal dynamics from wastewater in both vegetated and un-vegetated SSF-CW 
during denitrification are presented in Figure 18 and Figure 19  respectively. In these 
figures, X axis represents the hydraulic retention time and the Y axis shows the ratio of 
remaining SRP (Ct) over the initial SRP concentration (Co) expressed as a percentage.  
There was no general trend of increasing retention of SRP in the wetland cells.    
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However, for the vegetated cells, the SRP removal from wastewater was about 40 to 
60% irrespective of the HRT.  However, in the case of un-vegetated SSF-CW system, 
the SRP concentration increased for some trials as the HRT increased, to the extent of 





































8.5  Discussion 
 
The results of this study clearly demonstrate distinct difference in the phosphorus 
removal trend during nitrification and denitrification stages. In the oxidation stages of 
BOD5 and ammonia, the redox was in the positive range (Table 12). This contributed to 
the increased adsorption of phosphate ions on to the gravel surfaces. There is not a 
major variation between the performance of vegetated and un-vegetated SSF-CW 
during nitrification stage. Assessing the model performances of both vegetated and un-
vegetated SSF-CW, it can be seen that the additional P removal by vegetated system is 
5.7% (estimated as the difference in removal level over the input P level). Earlier 
investigations found that in the initial years of establishing an SSF-CW system, the 
planted wetland had an additional removal capacity ranging from 3 to 60% of TP, which 
eventually subsided once the plant growth attained a saturation level (Tanner 2001).  
Results of this study are also in this range, but at the same time, the results indicate that 
vetiver plant has got only a limited capacity for additional P absorption. 
 
The exponential decay equation of SRP during BOD5 removal and nitrification phase 
predicts SRP removal in both vegetated and un-vegetated SSF-CW cells, but it may be 
noted that P removal by adsorption is a finite process. The general applicability of the 
equation is limited until the saturation state of the gravel is reached.  Many previous 
studies based on limited years of operation have suggested that wetlands be used for P 
removal from wastewater.  As reported in the literature review section, it has been 
observed that once the saturation level is reached, the SSF-CW treatment systems could 
no longer retain P in the bed (Seo et al. 2005).  Equation 33 is limited to the maximum P 
adsorption capacity of the pea gravel medium which has a particle size of 14 mm.  As 
provided in the chapter 9, the maximum P adsorption capacity of the pea gravel is  
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99  mg/kg.  In the vegetated SSF-CW, the maximum P loading for all the six 
experimental runs with BOD5 and ammonium N was 18 g of P. In the case of un-
vegetated cell, it was 6 g of P.  Considering the total weight of the gravel in the 
experimental reactors, the rated maximum quantities of P adsorbed in the trials have 
been 72 and 24 mg/kg (~75% and 25% of the influent) respectively for both vegetated 
and un-vegetated SSF-CW cells.  It can be seen that there was sufficient additional 
capacities for P adsorption still left in the gravel media for both vegetated and un-
vegetated SSF-CW systems.  
 
Both vegetated and un-vegetated SSF-CW cells could retain P during the oxidation of 
BOD5 and ammonium N.  However, during the denitrification experimental phase, 
where it is a reducing environment, both SSF-CW cells failed to retain P. In the case of 
un-vegetated SSF-CW, only about 25% of the maximum adsorption capacity of the bed 
medium was utilised during the ammonium N removal study (first phase), whereas for 
the vegetated cell, nearly 72% of the maximum adsorption capacity was used during the 
initial phase of the study (ammonium N removal stage). However, the availability of the 
adsorption capacity appears to have no effect on the P retention capacity during the 
denitrification stage in both SSF-CW cells as they both performed poorly irrespective of 
the available area for adsorption in the gravel media.   
 
Detailed analysis of the results during denitrification stage shows that the vegetated 
SSF-CW performed consistently and retained about 50% of the influent P in the cell. In 
contrast to the vegetated bed, the un-vegetated bed could not sustain the retention of P 
(in fact the effluent P values increased in certain cases as the HRT increased).   
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During the denitrification experiments, all the vegetation stressed out and eventually 
died, causing increase of COD due to decaying roots. The decaying roots would also 
produce humic and fulvic acids, which are known for retaining P even in very reducing 
environments (Reddy et al. 1999).  The relatively elevated level of P retention in 
vegetated SSF-CW during denitrification stage could be attributed to P retention by 
humic acids. 
 
The inability of the pea gravel medium to retain P during denitrification stage is very 
useful in identification and election of gravel media for SSF-CW systems. Normally, the 
cost of pea gravel is 2 to 3 times (i.e. depending on the location) that of inert granite 
gravel, which is locally called in Australia as blue metal. If SSF-CW systems are 
engineered with distinct zones for nitrification and denitrification, it may be useful to 
provide less expensive granite or similar media for the denitrifying zone. It would 
reduce the capital cost required for SSF-CW system, without compromising the initial P 
removal benefit of the system as the cost of the gravel alone contributes to over 50% of 
the total cost of SSF-CW systems.  
 
8.6  Conclusions 
 
Sub-surface flow constructed systems with pea gravel as bed media could effectively 
retain soluble reactive phosphorus (SRP) in the wetland cells during ammonia and high 
COD loadings, with the retention rate following an exponential trend. The removal of 
SRP from wastewater during anoxic stage in the vegetated cell was nearly 50% of the 
input SRP. However, the un-vegetated cell did not show any trend, and in some cases 
the effluent SRP was nearly 90% of the input value. The relatively better performance  
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of the vegetated cell could be attributed to adsorption by humic substances from 
decaying roots. 
 
In an engineered wetland system, providing an anoxic section at the front end of the 
treatment chain will enhance COD removal. For the anoxic zone, it may be economical 
to provide relatively cheaper blue metal or other inert media than expensive reactive bed 
media.  Also, for sustainable P removal, overall P balance should be considered, and in 
many cases, a supplementary chemical P removal system is to be incorporated in the 
overall wastewater treatment scheme.  The available P retention capacities of gravel 
media may be exhausted in the first few years of operation, although it depends on the 









Phosphorus adsorption capacity of pea gravel was investigated for different particle 
sizes and different reaction times. Adsorption is found to be the principal mechanism of 
phosphorus removal from solution by pea gravel.  Experimental results with 14 to 16 
mm particle size pea gravels were fitted to Freundlich and Langmuir adsorption 
isotherms and estimated the Langmuir adsorption maximum. There is an increase in P 
removal capability as the particle size decreased.  The P adsorption capacity of pea 
gravel ranged from 99 to 3950 mg/kg.  
 
9.1  Introduction 
 
Constructed wetland systems are widely used for organic carbon removal and to a 
certain degree for nitrogen removal; however, their capability for phosphorus (P) 
removal has not been satisfactorily resolved (Arias and Brix 2005). In the initial years 
of operation, P removal in some sub-surface flow constructed wetland (SSF-CW) 
systems was appreciable, but it started declining over a period of time (Kadlec and 
Knight 1996). In some cases, phosphorus  desorption started after some years of 
operation and the effluent P was found to be more than the influent. Earlier claims that 
these systems can remove phosphorus in a sustainable manner have proven to be wrong 
(Arias and Brix 2005).  
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The major mechanism of P removal in SSF-CW systems are mainly physico-chemical 
i.e, adsorption, precipitation and chelation with wetland media, biological uptake by 
plants and assimilation by micro-organisms (Kadlec et al. 2000).  
 
The biological uptake by plants and assimilation by micro-organisms would not 
contribute to a significant reduction of P for municipal and P rich industrial wastewater 
such as meat industry effluent as the available P will far exceed the uptake and 
assimilation capacities. The major pathway for P removal, for both long and short term 
can be attributed to physico-chemical removal by substrate media (Molle et al. 2003). 
 
Adsorption and precipitation of phosphorus in constructed wetlands are very complex 
phenomena and can occur simultaneously. The media would adsorb the phosphate ion 
and/or promote phosphate precipitation by supplying the solution with metals, which 
can react with phosphorus to produce sparingly soluble phosphates (Del Bubba et al. 
2003). In addition, calcium present in the wastewater itself can promote phosphorus 
precipitation (Maurer et al. 1999). 
 
In order to effectively manage a constructed wetland system and carry out strategic 
planning for P removal, understanding of P removal capabilities of media used in the 
SSF-CW system is important. This will help identify the constraints, and maximum and 
long term loading criteria, and any supplementary chemical removal system required for 
P removal in SSF-CW system. 
 
Phosphorus removal properties and their mechanisms by pea gravel are not well 
understood.  However, many studies have been conducted on phosphate sorption by 
other materials in laboratory batch experiments using ortho-phosphate solutions and the  
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obtained data have been fitted with various adsorption models, including the Langmuir 
and the Freundlich adsorption models (Brix et al. 2001; Cheung et al. 1994; Del Bubba 
et al. 2003; Weaver et al. 1992). The Langmuir model seems to be more useful than the 
others, since it allows the calculation of adsorption maxima and binding energy 
constants. However, conflicting results have been obtained by fitting experimental P-
sorption data with the Langmuir equation (Del Bubba et al. 2003).  The existence of 
more than one population of adsorption sites with different affinity for phosphorus has 
been proposed to explain the observed behaviours. Del Bubba et al. (2003) reports that 
the previous studies by Veith and Sposito (1977) and Sposito (1982) pointed out that the 
maximum adsorption and the binding energy constants calculated by conventional or 
‘‘two-surface’’ Langmuir equations cannot be interpreted by surface reactions and, as a 
consequence, no information concerning the chemical mechanism of the sorption 
reaction can be deduced. However, several researchers have used information from the 
Langmuir-isotherm equation to describe the mechanism of P sorption by soils and iron 
minerals (Brix et al. 2001; Cheung et al. 1994; Forbes et al. 2005; Johansson 1999; 
Molle et al. 2005; Vohla et al. 2005; Weaver et al. 1992).  In addition, there is a role for 
simple models like the Langmuir equation in describing P-removal since they can be 
useful for summarizing both the information about a given material and the effects of a 
particular treatment involving the same material (Del Bubba et al. 2003).  
 
9.2  Objectives 
 
The aims of the experiments were to understand the dynamics of phosphorus removal 
properties of pea gravel, which was used bed media in the experimental SSF-CW 
system. 
The detailed objectives are:  
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1.  to predict the value of phosphorus sorption capacity of pea gravel in agitated and 
static (passive) conditions based on Freundlich and Langmuir isotherm models. 
2.  to investigate the impact of competitive ions that are commonly found in 
partially treated wastewater, both ammonia and nitrate on the P sorption capacity 
of pea gravel.  
3.  to carry out P desorption studies with pea gravel in acidic environment (pH ~2) 
4.  to estimate the P removal capacity of powdered pea gravel with different particle 
sizes. 
 
9.3  Materials and Methods 
 
9.3.1  Pea Gravel  
 
Pea gravel samples for the study were supplied by Transwest Asset Pty Ltd, Madia 
Vale, Western Australia. Pea gravels were of 14 to 16 mm particle size. The gravel 
samples were cleaned by running deionized water for about 10 minutes through the 
samples kept in a perforated polyethylene container. The washed samples were oven 
dried at105
oC for 24 hours. The oven dried samples were stored in air tight polyethylene 
containers and used for the sorption studies. 
 
9.3.2  Batch Experiments 
 
Equilibrium isotherm experiments were performed on the washed and dried pea gravel 
samples at a constant temperature of 25
oC in a constant temperature room. 
Approximately 50 g pea gravel samples were placed in acid washed 250 mL glass 
flasks. Aliquots (50 mL) of 0.01M KCl solution prepared in de-ionised water and spiked  
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with KH2PO4 to give one of six levels of phosphorus (0, 30, 50, 100, 200, and 500 
mg/L) were then added.  Blanks containing no media were always included in the 
experiments. The experiments were performed using 0.01M KCl to keep the 
conductivity almost constant, independently of the amount of KH2PO4 added. Each set 
of concentration was duplicated for accuracy.  The flasks were sealed airtight with a 
non-permeable transparent polymer film and continuously shaken end over end at 120 
shakes per minute. Each P concentration level was run for five time sets, 1h, 3h, 24 h, 
48 h and 5 days. Some samples were tested for more than 9 days to see the effect of 
longer reaction time. As samples taken for analysis in the intermediate time steps would 
reduce the liquid volume and affect the accuracy of the tests, each time set batch 
experiment was carried out in individual flasks. 
 
In order to assess the role of shaking of samples in P adsorption, a set of tests with a 
reaction time of 5 days or more was carried out where the samples were left undisturbed 
for the duration of the experiment, but otherwise the tests were identical with the ones 
where samples were shaken continuously. 
 
To analyse the effect of competitive ions such as NH4
+ or NO3
- on P sorption by pea 
gravel, 50mg/L of P (using KH2PO4) with 200 mg/L of nitrogen using NH4Cl or KNO3 
and with 0.01 M KCl made up in  de-ionised water  with 50 g of pea gravel were tested 
under the same conditions as cited above.   
 
The filtered (0.22 μm membrane) liquid samples were collected in polyethylene 
containers and stored in a fridge under 4
oC until analysis of ortho-P was carried out.  
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The loss of P from solution was used to calculate the adsorbed P.  The Langmuir and 
Freundlich equations were then used to interpret the equilibrium data. This method has 
been used in previous studies of similar nature (Cheung et al. 1994; Del Bubba et al. 
2003; Forbes et al. 2004; Richardson and Marshall 1986; Sakadevan and Bavor 1998). 
 
9.3.3  Adsorption Isotherms 
a.  The Freundlich Equation 
 
The Freundlich isotherm equation is an empirical equation which gives an accurate 




/ 1 =  
34
where 
x =  mass of P adsorbed per unit mass of pea gravel at equilibrium (μg P/g) 
Kf = Freundlich capacity factor (a constant)  
C  =  equilibrium concentration of P in liquid phase after adsorption (mg/L) 
1/n =  Freundlich intensity parameter (a constant) 
 
Equation 34 could be rewritten as: 
C
n
K x f log
1
log log + =  
35
 
Kf and n could be determined by plotting log x versus log C. 
 
b.  The Langmuir Equation  












where  x and C are defined earlier, the parameter Xm is the Langmuir adsorption 
maximum (μg P/g or mg P/kg of pea gravel) and b is the bonding energy index (L/g).  
 
The Langmuir equation can be rewritten as: 
Langmuir isotherm equation is defined as follows (Metcalf and Eddy 2003): 




+ =  
37
 
A plot of c/x against c may give a straight line with slope 1/Xm and intercept 1/bXm.  
Xm would provide the maximum P adsorption capacity (in mg/kg). 
 
9.3.4  Desorption Study 
 
This study was carried out to investigate if adsorbed P in the pea gravel will be leached 
back to solution at neutral or acidic pH environment. 50 g of pea gravel that was used 
for adsorption studies with 5 days retention was used for this experiment. It was 
assumed that the longer the reaction time, the more the quantity of adsorbed P and the 
higher the dissolution of adsorbed P.   The gravel samples were oven dried for 24 hours 
at 105
oC after the adsorption test, and before use for the desorption experiments.  The 
pea gravel samples, 100 mL de-ionised (DI) water and 0.01 M KCL were added to acid 
washed 250 mL glass flasks.  For experiments to investigate release of P in acidic 
environment, H2SO4 was added to a solution of de-ionised water with 0.01 M KCL to 
get a pH of 2. The pH was measured by glass electrode Jenco pH meter Model 6230. 
Further procedure of desorption test was similar to the adsorption experiments of pea 
gravel provided earlier (i.e in a constant temperature room at 25
oC, and shaken end over 
end at 120 shakes per minute). The desorption studies were carried out in  batches for 1  
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h, 3 h, 24 h, 48 h, 5 d and 9 d reaction times. After each reaction time, filtered liquid 
samples were collected in polyethylene containers and stored in a fridge under 4
oC for 
analysis of ortho-P.  
 
9.3.5  Experiments with Ground Pea Gravel  
 
Pea gravel samples (washed with DI water and oven dried at 105
oC for 24 hours as 
described earlier in this chapter) were ground from 14 mm to  particles sizes of 2 to 2.8 
mm, <180 μm, and <150 μm using a Tema mill. The ground samples were sieved using 
a 2 - 2.8 mm, 180 μm and 150 μm mesh stainless steel sieves using a mechanical 
shaker.  
 
Adsorption of P from ortho-phosphate solution with a P concentration of 60 mg/L 
(solution prepared with 0.01 M KCl in DI water) by pea gravel fine fractions of 2 – 2.8 
mm (25 g sample in 50 mL solution) and <180 μm (10 g sample in 50 mL solution), 
were carried out in batches for 1 h, 3 h, 24 h, 48 h and 5 d reaction times. This set of 
experiment was done similar to previously explained P adsorption experiments with 14-
16 mm size pea gravel samples.  
 
9.3.6  Experiment with Very Fine Pea Gravel Powder (< 150 μm Particle Size) 
 
The method used for P adsorption study with very fine pea gravel powder (<150 μm) 
was different to the earlier investigations.  Phosphate solution of 1 L with a P 
concentration of ~100 mg/L of P (using KH2PO4 and 0.01 M KMNO4 in DI water) was 
added in a 2 L glass flask (acid washed and oven dried) and stirred using a magnetic 
stirrer.  The fine pea gravel powder was added incrementally in about 10 minutes  
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interval, starting with 500 mg, 1 g, 2 g, 4 g, 10 g, 25 g, 50 g, 75 g, 82.5 g, 50 g, and 50 
g.  After addition of each pea gavel powder sample, the mixture was stirred 
continuously using the magnetic stirrer for 5 minutes and then left for standing 
quiescent for another 5 minutes before collection of samples of clear solutions for 
analysis. Samples for analysis of 2 to 3 mL were collected except for the last two 
additions where 15-20 mL of sample was collected as the residual P concentration in the 
solution was expected to be lower at that stage and the solution would not require 
dilution. The magnetic stirrer was not effective in stirring after addition of 82.5 g of pea 
gravel powder due to the thick consistency of the solution. The solution was shaken 
manually for the remaining part of the experiment. After the addition of the last sample 
of pea gravel powder, the mixture was left undisturbed for 24 hours. Samples of clear 
supernatant were collected (after 24 hours of last addition of pea gravel powder) for 
further analysis. The sludge from the experiment was oven dried at 105 
oC for 48 hours. 
A part of the dried sludge was used for examination of mineral contents and to P 
desorption studies (mentioned below). 
 
The oven dried sludge from this experiment was used to determine if desorption 
occurred at a pH 2.  A solution consisting of 20 g of oven dried sludge with 200 mL of 
DI water with 0.01 M KCl in a glass flask of 1 L was used. The mixture was stirred 
using a magnetic stirrer and the experiment lasted for 4 hours.  Similarly a control 
(virgin fine pea gravel powder (20 g) in 200 mL of DI water with 0.01 M KCl and a 
blank consisting just 200 mL of DI water and 0.01 M KCl were also used for the 
desorption study (both experiments were carried out in 1 L glass cylinder on a magnetic 
stirrer for 4 hours).  The pH values of the solutions in these three sets were made to 2 by 
adding drops H2SO4. The pH was measured by glass electrode Jenco pH meter Model 
6230.   
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9.3.7  Sample Analysis 
 
Ortho – P from the solution was determined using ascorbic acid method (APHA 1992).  
For concentrated solutions, the samples were diluted to a concentration of below 2 mg/L 
before analysis.  Mineral contents of the powdered pea gravel were analysed (using the 
ICP method after acid digestion) at Marine and Freshwater Research, a NATA approved 
laboratory at Murdoch University.  
 
9.4  Results  
 
9.4.1  P Adsorption 
 
The incremental adsorption of phosphorus by pea gravel from phosphate at different P 
concentrations (30 to 500 mg/L of P) over the reaction times spanning from 1 hour to 
9+ days are shown in Figure 20.  The X – axis indicates the reaction time (in hours or 
days), the Y axis shows the quantity of P adsorbed (mg) per kg of pea gravel. The 
volume of P solution was 50 mL and the weight of gravel used was approximately 50 







































30 mg/L (P) 50 mg/L (P)
100 mg/L (P) 200 mg/L (P)
500 mg/L (P) 50 mg/L (P) (200 mg/L NH4-N)
50 mg/L (P) (200 mg/L NO3-N)
 
Figure 20: Cumulative P adsorption by pea gravel over time 
 
The rate of adsorption of P to the gravel was directly proportional to the initial residual 
concentration of P in the solution. In about 5 days reaction time, the maximum 
adsorption was 100 mg P/kg of pea gravel when the concentration of P in the solution 
was 500 mg/L where as for the 30 mg/L P solution, the P adsorbed was less than 20 mg 
P/kg of pea gravel (nearly 1/5
th of that of with 500 mg/L P solution).  
 
The results of the effect of addition of competitive ions viz. 200 mg/L of ammonium –N 
and nitrate –N carried out separately are also shown in Figure 20.   Typically, post 
anaerobic effluent contains nitrogen as NH4-N and wastewater during or post aerobic 
treatment contains nitrogen mostly in the form of NO3-N. The presence of either NO3
- 
or NH4
+ could affect the adsorption of P in pea gravel. It can be seen in Figure 20 that P 
adsorption (mg P/kg of pea gravel) when the solution with a P concentration of 50 mg/L 
and 200 mg/L of NH4-N closely followed that of the solution with a P concentration of 
50 mg/L and 200 mg/L of NO3-N. The amount of P adsorbed from solution that  
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contained only phosphate ions of 50 mg/L of P (with no ammonium or nitrate N) was 
slightly higher than that of the solution with nitrogen as either ammonium or nitrate.  
The difference in the adsorption was more (~30 to 50%) for reaction time up to 24 
hours, however, for longer reaction time of 48 h and more, the difference in P 
adsorption narrowed down and there was no appreciable difference when the reaction 
time was 5 days.  
 
9.4.2  The Freundlich and Langmuir Isotherm Analysis 
 
The adsorption data of the experiments with P concentrations starting from ~ 30 ~550 
mg/L (solution volume 50 mL, pea gravel 50 g with particle size 14-16 mm)  for 
different reaction times are presented in  Figure 21 to Figure 24 for Freundlich model 









































































For Figure 21 to Figure 24 (for Freundlich model), the Y axis, Log x corresponds to the 
logarithmic value of mg P adsorbed/kg of pea gravel and the X axis shows the 
logarithmic value of residual concentration (C). The data did not fit well in the 
Freundlich model, particularly for 5 day retention time (R
2 = 0.32). However, for 
shorter reaction time, the data fit with the Freundlich model reasonably (R
2 ranged from 
0.52 to 0.69). 
 
For plots for presenting Langmuir isotherm model (Figure 25 to Figure 28), the Y axis 
shows ratio of residual concentration over (C) to the mg P adsorbed/kg of pea gravel (x) 































































Figure 28:  Langmuir isotherm for 3h reaction time 
 
In contrast to Freundlich isotherm model, the Langmuir isotherm fit well for longer 
reaction time (R
2>0.95). The fit was similar to Freundlich isotherm for shorter reaction 
time (R
2 ranged from 0.57 to 0.72) of 3 h and 24 h. 
 
The parameters such as 1/n, the Freundlich intensity parameter and Kf, the Freundlich 
capacity factor are provided in Table 18 for the experiments with pea gravel with 
particle size 14- 16 mm. For a five day reaction time, the Freundlich capacity factor was 
15.49 mL/g, and the Freundlich intensity parameter was 0.31. The intensity factor was  
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decreasing with increase of reaction time, whereas the Freundlich capacity factor 
increased with increase in reaction time. 
 
Table 18:  Parameters of Freundlich and Langmuir isotherms 
Freundlich equation  Langmuir equation   
Reaction 
time  1/n  Kf (mL/g) R




5d 0.31  15.49 0.32 99.01  0.03  0.95
2d 0.40  6.76 0.60 79.37  0.02  0.97
1d 0.63  1.48 0.69 78.74  0.01  0.72
3h 0.58  0.98 0.52 53.76  0.004  0.57
5 d (passive)  0.13  0.20 0.21 81.30  0.11  0.99
 
The maximum adsorption capacity and binding energy constants as estimated by 
Langmuir isotherm equation for each reaction time are also provided in Table 18. The 
Langmuir sorption maximum (Xm) for pea gravel with 14-16 mm particle size is 
estimated as 99.01 mg/kg.  The maximum adsorption capacity for a reaction time of 5 








































9.4.3  Experiments with Ground Pea Gravel (2-2.8 mm and <180 μm Particle Size) 
 
 The percentage removal of P from solution is plotted for fine pea powder (<180 μm) 
and fine pea gravel (2- 2.8 mm particle size) Figure 31. In these plots, the X axis refers 
to the reaction time, and the left Y axis refers to P removal percentage by pea gravel 
fine powder (FP) (particle size <180 μm) and the right Y axis shows the P removal 
percentage by pea gravel with particle size 2 to 2.8 mm (FG). Please note the scale on 
the left Y axis is from 90 to 100% and the right Y axis is from 20 to 100%.  Pea gravel, 
when ground to a particle size of <180 μm, achieved about 98.21 % P removal (from an 
initial P concentration of 60 mg/L).  Within 5 minutes of reaction time, over 98% of P 
was removed from solution by pea gravel powder; however, for achieving similar 
results, the fine gravel took about 48 hours. The removal efficiency was nearly the same 
irrespective of the particle size after 48 hours. For non agitated quiescent test with a 
reaction time of 5 days, the removal efficiency was the same as that of the agitated test 
with fine powder, however for fine pea gravel, agitated test removed P by about 1.6% 































































Fine Powder  Fine Gravel
 
Figure 31:  P removal (%) from solution during reaction with ground pea gravel   
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In Figure 32, the P applied (mg)/weight of pea gravel added (kg) as fine powder (FP) or 
fine gravel (FG) and the P removed (mg)/ weight of pea gravel added (kg) as fine 
powder (FP) are plotted against the reaction time.  The X axis shows the reaction time, 
and the left (primary) Y axis shows the values of P applied (mg)/kg of fine powder (FP) 
of pea gravel added and the P removed (mg)/ kg of fine powder of pea gravel added. 
The right (secondary) Y axis shows the same values for the case of fine gravel (FG) (2 
to 2.8 mm particle size) pea gravel.  The P applied varied for different reaction times as 
the experiment was done as a batch. For each reaction time, there was a separate set up 
(with a duplicate). The P solution added was more (nearly two times) for 24 h and 5 d 









































































P applied (mg)/kg FP added
P removed (mg)/kg FP added
P applied (mg)/kg FG added
P removed (mg)/kg FG added
 
Figure 32:  P adsorbed by ground pea gravel.  FG - fine gravel and FP - fine powder 
 
The applied P was immediately adsorbed by the fine powder of pea gravel (particle size 
<180 μm) as shown by the 5 m reaction time test. The difference between the applied P  
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and the removed P is very marginal (ranged from 0.4 to 3.2 mg P/kg of pea gravel) 
when pea gravel was applied as fine powder form.  In contrast to the fine powder form, 
for the fine gravel form of pea gravel, the difference was predominant of smaller 
reaction times; however, when the reaction time increased the applied P was nearly 
adsorbed by the gravel. The removal of the applied P by the fine gravel (FG) of pea 
gravel was nearly the same for the tests done in mixing condition and in quiescent 
condition for a reaction time of 5 days.  For both fine powder and fine gravel form of 
pea gravel (FP) the maximum adsorption level was higher than that predicted by 
Langmuir isotherm tests with coarse pea gravel of 14 to 18 mm particles.  
 
























Figure 33  Ultimate P removal capacity of very fine pea gravel powder (<150μm)  
(Y- Axis represents, the value of P applied or removed in mg over kg of very fine 
























































Figure 34:  P removal by very fine pea gravel (<150 μm) in a continuous feed test 
 
The P removal results of the experiments with very fine particles (<150 μm) of ground 
pea gravel in a solution of 1 L and an initial concentration of 118.7 mg/L are presented 
in Figure 33 and Figure 34.  In this experiment, the very fine powder of pea gravel was 
added in an interval of 10 minutes. The initial quantities of pea gravel powder added 
were significantly lower than that of the available P. This enabled the added powder to 
exhaust its adsorption capacity.  The ultimate P adsorption value obtained from this 
experiment was 3950 mg P/kg pea powder. This value is almost 40 times higher than 
that of the coarse pea gravel of particle size 14 to 16 mm.  
 
The amount of very fine powder of pea gravel required (g) per mg of P can be expressed 
in Equation 38. 
P e M




M = amount of very fine powder of pea gravel required (g) 















Very fine pea gravel 
powder (<150 μm) 
190 5.7 150  0.22  0.06 
Post P adsorbed fine pea 
gravel powder (<150 μm) 
150 4.7 150  0.21  0.18 
 
The results of the mineral analysis of pea gravel fine powder (<150μm) and the over 
dried sludge of very fine powder (<150μm) of pea gravel, which was used for P 
removal in the above experiment are provided in Table 19. 
 
The P content of post P adsorbed fine pea gravel powder was three times higher than 
virgin pea gravel powder, which indicates the adsorbed P in the post P adsorbed pea 
gravel powder sample. However, the Fe content in the virgin sample and the post P 
adsorbed pea gravel fine powder sample are the same. This demonstrates that the Fe did 
not leach during the experiment and P would have been adsorbed to the Fe sites.  
 
Table 20:   Leachate analysis from pea gravel (fine powder <150 μm) 











Very fine pea gravel powder 
(<150 μm) 
0.032 20  below 
detection  0.81 0.09 
 
Analysis of leachate from virgin fine powder showed the presence of Al, Ca and Mg, 
however Fe was not detected as shown in Table 20. This demonstrates that some form  
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of precipitation reactions occurred with the dissolved Al, Ca and Mg ions with P gravel, 
whereas Fe was mostly contributing to adsorption reaction. 
 
9.4.5  P Desorption 
 
Experiments with pea gravel with all the particle sizes used in the adsorption studies 
were carried out for P desorption analysis. For all the desorption experiments including 
that with a pH of <2, the presence of P (as ortho-P) was not found in the solutions, even 
after a reaction time of 5 days. 
 
9.5  Discussion 
 
The results of this study clearly demonstrate that pea gravel has capability for 
adsorption of P. It would be a suitable material as a bed medium for sub-surface flow 
constructed wetlands.   
 
The amount of P adsorbed by pea gravel is found to be proportional to the available P. 
The rate of adsorption was high in the initial 24 hours and then the rate was slower for 
pea gravel with particle sizes 14-16 mm size. This may be due to reduction of P 
concentration in the solution after the initial rapid adsorption by pea gravel.  
 
The presence of NH4-N or NO3-N did not influence the adsorption of PO4-P.  This 
results demonstrate that pea gravel would be effective for P removal from wastewater 
such as meat processing effluent that contain N as either ammonium N or nitrate N.  
  
  146
The Langmuir adsorption maximum of 100 mg/kg of pea gravel with particle sizes of 14 
to 16 mm is in the ranges of Danish sands (20 to 130 mg/kg) (Arias et al. 2001), blast 
furnace slag (50 to 650 mg/kg) (Johansson 1999). However, the particle sizes of these 
products were a maximum of 2 mm, which would provide higher adsorption areas. For 
hydraulic considerations, medium with a particle size of 2 mm or below would be not 
suitable for use in an SSF-CW system (Kadlec and Knight 1996).   
 
The Langmuir adsorption maximum obtained when the solution was not shaken was 
about 82 mg/kg, which nearly over 80% of that obtained with experiments where the 
solution was constantly shaken.  In a typical sub-surface flow constructed wetland, the 
flow would be generally laminar, however, when the porosity is low, it can be turbulent 
as well.  The present results show that even for a fully laminar flow, the adsorption of P 
onto pea gravel is not greatly compromised.  
 
The Langmuir adsorption maximum does not necessarily represent the actual maximum 
adsorption of P on to gravel media.  Previous studies concluded that the maximum 
apparent sorption capacity that can be estimated with the Langmuir plot did not seem to 
have any relation to the P-removal capacity and so should not be used (Arias and Brix 
2005; Arias et al. 2001).  
 
In an SSF-CW system, P-removal occurs not only by P-sorption to the medium, but also 
through incorporation into organisms (bio-films and plants) and the subsequent 
accumulation of organic matter in the systems. Therefore, even when the P-removal 




The results of this study demonstrate that with finer particle size of pea gravel, 
enhanced P removal could be achieved. Since finer particles, if used as bed media, may 
limit the hydraulic conductivity of wetland, fine pea gravel particles could be used as an 
external filter. Also, fine powder could be used in place of chemical P removal system 
(eg. with alum). The reaction time required was proportional to the particle size. In 
chemical P removal method using alum, normally a reaction time of 30 minutes is 
provided to achieve about 95% of P removal (for an initial P of 20 mg/L) (US-EPA 
1993a).  In the present experiment with pea gravel fine powder with a particle size of 
<180 μm, over 98% of P was removed in about 5 minutes (from an initial P of 60 
mg/L).  However, for fine gravel (2-2.8 mm), the reaction time required for removal of 
about 90% of P was 24 hours. Increase in reaction time increased the removal efficiency 
for the fine gravel. 
 
The P adsorption capacity of pea gravel fines (2-2.8 mm) and fine powder (<180 μm) 
exceeded that of the estimated Langmuir adsorption maxima for pea gravel of 14-16 
mm size, mainly due to increased adsorption sites. The available P was removed by fine 
powder (<180 μm), irrespective of the reaction time.  The maximum available P as a 
ratio of the mass of pea gravel was 280 mg/kg of pea gravel, which was taken up 
completely by the fine powder,  indicating that maxima was not reached and there was 
still potential for further adsorption. 
 
The maximum capacity of P adsorption by very fine pea gravel with <150 μm particle 
size obtained in this study was about 4000 mg P/kg pea gravel powder for a reaction 




Table 21:  Maximum P sorption capacities of different materials 
Material 
Adsorption capacity 




Steel furnace slag  1400  48 h 
Zeolite 2200  48  h 
(Sakadevan and 
Bavor 1998) 
Red mud  5070  24 h 
Pillar Point fly ash  3082  24 h 
(Cheung et al. 1994) 
Yalanbee  soil  240  24 h 
Malebelling soil  130  24 h 
(Weaver et al. 1992) 
Expanded shale  971  48 h  (Forbes et al. 2005) 
Pea gravel powder  3950  10 minutes  This study 
 
  A comparison of P sorption capacities of different materials with the P sorption 
capacity of this study (in Table 21) indicates that only redmud gypsum exceeded the 
adsorption capacity of fine powder of pea gravel. All the materials that were used for 
comparison in Table 21 were of relatively the same particle size as that of the pea gravel 
powder. The reaction time for pea gravel to attain this high adsorption capacity was 10 
minutes, however, for most of the other studies the reaction time was either 24 or 48 
hours. 
 
The amount of very fine pea gravel with particle size, 150 μm (in g) required for 
removal of P (in mg) could be estimated using Eqn 28. An estimation tool such as Eqn 
28 would be useful for engineers and water professionals.  
 
The very high contents of Al and Fe in pea gravel as provided in  
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Table 19 suggest adsorption as the major mechanism for P removal by pea gravel.  The 
amount of Ca is relatively low, which indicates that precipitation reactions did not play 
a major role in P removal by pea gravel.  
 
Al, Ca, Fe and Mg contents of materials that were used for P adsorption in previous 
studies are provided in Table 22 for comparison. The highest P adsorption value was for 
red mud, followed by pea gravel as shown in Table 21.  The quantity of Fe was highest 
for red mud, followed by pea gravel and steel furnace slag; where as Al was the highest 
for pea gravel followed by Pillar Point fly ash as shown in Table 22.  These data 
indicate that Al and Fe play a major role in P adsorption value. The Ca content of pea 
gravel is the lowest amongst the other materials in Table 22.  However, as shown in 
Table 20, Ca is available in the solution which can contribute to some level of 
precipitation of P.  The presence of Ca would lead to precipitation reactions, which are 
pH depended (Molle et al. 2005).   
 
Table 22:  Mineral contents of typical P adsorbing materials 
Al Ca  Fe  Mg   












Zeolite 48  11.5  5.4  4.2 
(Sakadevan and Bavor 
1998) 
Pillar Point fly 
ash 
133  22.1  23.8  5.3  (Cheung et al. 1994) 
Redmud gypsum  90.5  71.5  253.2  -  (Summers et al. 1996) 
Expanded shale  84  10.3  40.6  10.1  (Forbes et al. 2005) 
Pea gravel  190  5.7  150  0.22  This study  
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Redmud and pea gravel very fine powder could be compared in terms of their physical 
properties. Red mud normally has a particle size of <150 μm (Snars et al. 2003) and the  
very fine powder of pea gravel that was used in this experiment was also with a particle 
size of  <150 μm. The P adsorption capacity of red mud is about 5000 mg P/kg of 
material, whereas that of pea gravel powder (<150 μm particle size) is about 4000 mg 
P/kg of material.  However, pea gravel took only 10 minutes reaction time to achieve 
this adsorption value, but red mud took about 48 hours.  Although red mud is a waste 
material from bauxite processing operations, the radio active property and heavy metal 
content of red mud (Snars et al. 2003) limit its application. However, pea gravel powder 
may be a safe material for P removal applications where currently alum or other 
proprietary products are used. Application of very fine pea powder as a bed medium for 
SSF-CW would not be appropriate because it would limit the hydraulic conductivity of 
the system.  P removal using fine pea gravel fine powder may be achieved external to 
the wetlands similar to chemical P removal using alum or other metal salts. 
 
The results of the P desorption tests indicate that the adsorption of P into pea gravel is 
stable, and irreversible in low pH situations.  This would make pea powder a suitable 
bed medium for SSF-CW and or use of pea gravel fine powder for other P removal 
applications.   
 
In the case of an SSF-CW treatment system for a population of 100 persons (at 200 
L/person/day), assuming a hydraulic retention time of 10 days, with a depth of 1.5 m 
and for a batter slope of 1 in 3, the plan area required is about 325 m
2. This would 
require about 754 tonnes of pea gravel.  Assuming an influent P concentration of 15 
mg/L, the SSF-CW would be able to remove P for a period ranging from 0.7 to 29 years  
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(with an P adsorption ratio of 99 mg/kg to 3950 mg/kg). The upper value is very 
optimistic which is estimated based on the assumption that vegetation roots and water 
flow could create erosion of the gravel surface which could lead to release of fine gravel 
particles that can increase adsorption.  Practically, the effluent P would be less than 1 
mg/L for about 2 to 3 years and the adsorption site will be exhausted after this, leading 
to increased P in the effluent. Supplementary P removal systems would be required after 
this time period.  
 
9.6  Conclusions 
 
In this study, a number of tests were carried out on the efficiency of the pea gravel in 
removing Phosphorus (P) from solution under different conditions such as with different 
particle size, reaction times and with and without stirring of the contents during 
reaction. The particle size of the gravel tested included 14 to 16 mm, 2mm, <175 μm 
and <150 μm. In all the experiments, it has been found that pea gravel is capable of 
removing P in from solution. There is an increase in P removal capability as the particle 
size decreased. The principal mechanism of pea removal from solution is adsorption, 
and the Lagmuir adsorption maximum for pea gravel with particle size of 16 to 18 mm 
is 99 mg P/kg of gravel. The maximum P adsorption capacity for very fine pea gravel 
particle (<150 μm) is observed experimentally as 3950 mg/kg.  
 
A wetland with pea gravel as bed media would be capable of P retention for about 2 to 3 
years of operation. 
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Further studies need to be carried out if P retention would be enhanced due to shearing 
of gravel surface due to flow or roots and if it would provide a sustainable P retention 
capability.   
  153
CHAPTER 10 





This chapter reports on the experimental study on chemical methods of phosphorus (P) 
removal from meat processing industry effluent. Alum, sodium aluminate and a 
combination of both chemicals were experimented with a multiple molar ratios for 
effective dosing rate. Alum was found to be very effective in P removal.  Sodium 
aluminate was found to be less effective and the combination of alum and sodium 
aluminate was not found to be effective in this study. Based on the results, engineering 
calculations and operating costs for P removal have been carried out for a meat 
processing plant.  
 
10.1  Introduction 
 
Constructed wetland systems have limited capacity for removal of phosphorus from 
wastewater. As explained in previous chapters, many studies have shown high level of 
initial removal rate, but over a period of time the efficiency of removal of P by wetland 
systems becomes less effective. The media used for SSF-CW systems play a major role 
in P removal. However, due to high P content of raw wastewater, the adsorption 
capacity of wetland gravel will get saturated over a short period of time. A sustainable P 
removal system should be additionally developed. Plant uptake of P is very minimal and 
cannot be considered as a viable method in the SSF-CW system design for P removal  
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(Kadlec et al. 2000). The science of biological P removal using SSF-CW systems has 
not been developed.  A chemical removal method is therefore an appropriate solution 
for P removal in meat processing industry. 
 
Meat processing industry effluent typically contains a high level of phosphorus (P) of 
the order of 40 to 80 mg/L expressed as Total Phosphorus (TP), which is over five times 
than that of normal municipal wastewater.  
 
Chemical methods such as precipitation by metallic ions have been traditionally used in 
municipal treatment plants for P removal. Biological P removal method has been used 
in some municipal wastewater treatment plants, however it requires a sophisticated 
control regime and a back up chemical removal system and not generally used for small 
municipal or industrial effluent treatment plants.  
 
Chemical removal of P by precipitating with various multivalent metal ions is a general 
method adopted for municipal wastewater treatment plants in many countries over many 
years (ASCE and WEF 1998). The mineral ions are of aluminium, iron, calcium and 
magnesium (Metcalf and Eddy 2003; US-EPA 1987). Chemical precipitation primarily 
removes orthophosphate or soluble reactive phosphorus (SRP) through the formation of 
stable insoluble compounds. The commonly used chemical method of P removal in 
municipal wastewater treatment system is precipitation of soluble reactive phosphorus 
(SRP) by aluminium sulphate commonly called as alum. Particulate phosphorus or 
phosphorus in non-SRP form is also removed during this process by sedimentation.  
The theory and practice of P removal using alum for municipal wastewater treatment 
system is sufficiently established.  
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The advantages of metal salt addition for phosphorus removal are (US-EPA 1987): 
1.  Reliable, well documented P removal technique,  
2.  Controls required for P removal are fairly simple and straightforward 
3.  Effluent P levels can be controlled by metal salt dosages to maximum efficiency 
levels. 
4.  Sludge produced can be processed in same manner as in non-phosphorus 
removal systems.  
 
Since the characterisation and treatment method of meat industry effluent differ 
significantly from municipal wastewater, the straight forward application of chemical P 
removal methods normally employed for municipal wastewater treatment systems for 
meat processing industry would provide non-optimal results. Also, it can be a very 
expensive operation.  
 
Two chemicals have been used for P removal from meat processing industry effluent, 
alum (aluminium sulphate) and sodium aluminate.  The reactions of alum and sodium 
aluminate with soluble reactive phosphate are provided in Equations 39 and 40 
respectively. 
 
Reaction with alum: 








Reaction with sodium aluminate: 
− − + + ↓ → + • OH NaOH AlPO PO O Al O Na 6 2 2 2 4
3
4 3 2 2   40
The application of alum for removal of P rich effluent has been reported elsewhere (US-
EPA 1987), whereas there are not many reported cases of application of sodium  
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aluminate for effluent with very high P concentrations. The addition of alum causes 
reduction in pH and if the wastewater does not have a sufficient buffering capacity, 
addition of alkaline chemicals may be required to offset the pH depression resulting 
from alum addition. 
 
The application of sodium aluminate for P removal from meat processing industry 
effluent has not been widely discussed except for a recent publication (Meers et al. 
2006).  When sodium aluminate is added to remove SRP, sodium hydroxide will be 
formed as part of the reaction, which is expected to increase the pH depending on the 
buffering capacity of the wastewater. This change in pH due to use of sodium aluminate 
for P removal has not been cited in practice manuals or refereed papers, probably 
because the application of sodium aluminate is not very common and so far limited to P 
removal in municipal wastewater plants only. For wastewater with low P value, the pH 
may not change drastically due to low application rate of sodium aluminate required and 
the buffering capacity could still manage the pH in the acceptable limits.  However, 
meat processing industry effluent which has elevated level of P concentration would 
normally require higher application rates of sodium aluminate. This has a potential to 
increase the pH, which would need addition of an acid (eg. hydrochloric acid) to 
neutralise the change in pH. 
 
A potential alternative cost effective solution for P removal may be the combined use of 
alum and sodium aluminate so as to avoid the need of caustic or acids to adjust for the 
pH.  The individual application rate could be stoichiometrically calculated; however the 
effectiveness of this method is to be verified in laboratory experiments.  The theoretical 
dosing values of metal salts are normally estimated based on stoichiometric calculations 
multiplied by a factor of safety for allowing competitive reactions.  These competing  
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reactions vary with the wastewater.  In the case of alum, the factors that affect the actual 
dosage of alum required to attain a specific P concentration are the alkalinity, the final 
pH of the wastewater, ionic constituents such as sulphate, fluoride, sodium, the quantity 
and nature of suspended solids, eg., kaolin vs montmorillomite clays; microorganisms, 
and other colloidal species (US-EPA 1987). The safety factor varies between 1.5 and 
2.5 for typical domestic wastewater (Metcalf and Eddy 2003). 
 
In order to analyse the actual dosage for meat processing industry effluent, wastewater 
samples from a meat processing plant near Bunbury, Western Australia were used for 
this experiment.   
 
10.2  Objectives 
 
The aims of the experiments were to: 
i)  find out the optimal dosing rate required of both alum and sodium aluminate to 
obtain a final TP value of <1 mg/L for meat processing industry effluent 
ii)  investigate if pH adjustment is required and to find out the dosage needed 
iii)  find out the optimum mixing and retention time required 
iv)  evaluate if a combination of alum and sodium aluminate would enhance P 
removal and balance the pH. 
 
10.3  Methodology 
 
10.3.1. Collection and Storage 
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The wastewater samples were collected from a meat processing plant near Bunbury, 
Western Australia.  The secondary wastewater treatment system of the plant consists of 
an anaerobic pond, followed by two aerobic ponds. The wastewater samples were 
collected from the second aerobic pond.  The samples were split into two sets, one set 
was stored in the freezer for future use and the other set was kept refrigerated for 
immediate testing. 
 
The reagents, liquid alum, sodium hydroxide and sodium aluminate of industrial grade 
were obtained from Coogee Chemicals, Coogee in Western Australia. 
 
10.3.2. Test Procedure 
 
The dosing rates used for the experiments are shown in Table 23.  In the first stage, the 
molar ratios of 2.3 and 3 were used for both alum and sodium aluminate. Since no cases 
of pH variation due to sodium aluminate addition have been reported before, no dosing 
rate calculation for acids (HCl or H2SO4) to neutralise pH was made. It was envisaged 
that if the lower molar ratios of 2.3 or 3 would be sufficient to remove the TP to <1 
mg/L, then higher ratios would not be tested. Each experiment was done in duplicate for 
consistency and accuracy.  
 
Table 23:  Dosing rates for the experimental study 
Dosing rate (mL/L of wastewater)  Molar ratio 
(Al:P)  Liquid Alum  NaOH  Sodium Aluminate 
2.3 3.27  1  1.22 
3 4.27 2  1.59 
4 5.69 3  2.11  
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The wastewater samples were well mixed, and 50 mL of the sample was collected for 
initial ortho-P (SRP) and total P (TP) analysis. Four tests were done simultaneously, 
each with 1L of sample volume in a 2L conical flask.  The first two sets were added 
with liquid alum and the last two with sodium aluminate. For an initial P of 75 mg/L, 
and for a molar ratio of Al: P of 2.3, the liquid alum added was 3.27 mL and sodium 
aluminate was 1.22 mL. The test was carried out at room temperature of 25
oC and the 
pH was monitored using glass electrode Jenco pH meter Model 6230 and pH was 
adjusted in the range of 6.5 to 7.5.  The solutions (wastewater and liquid alum/sodium 
aluminate) were vigorously stirred using magnetic stirrers for 3 hours. Test samples of 
100 mL each were collected from the flasks at 30 minutes, 2 hours and 3 hours after the 
start of the experiment. Each of the 100 mL test samples collected, 20 mL of well mixed 
sample was separately stored for analysis of Ortho-P or SRP of the supernatant.  Then 
the remaining samples were allowed to settle, and samples of clear supernatant layers 
after settlement were collected for analysis of SRP and TP.  For each set of sample, for 
a given reagent, altogether twelve sets of SRP analyses and 6 sets of TP analysis were 
done. In the case of collection of supernatant, for the tests where liquid alum was used 
as a reagent, the settlement and clarification occurred in about 10 to 20 minutes, 
however, when sodium aluminate was used, the sedimentation and clarification was 
delayed for an extended period of more than 2 hours.  
 
The experiments for application of combined reagents (both sodium aluminate and 
liquid alum) were carried out in the next stage so as to use the outcomes of the 
experiments with individual reagents. 
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The SRP and TP analyses were carried out as per Standard Methods (APHA 1992). The 
samples were diluted to 1:10 or 1:100 as required as the analysis range was from 0.15 
mg/L to 1.5 mg/L. 
 
10.4  Results  
 
10.4.1. Analysis of Raw Sample 
 
The raw samples were tested for both ortho-P (SRP) and TP. The ortho-P values were 
about 70% of the TP values.  Table 24 illustrates the values of both ortho-P and TP of 
raw samples.  The phosphorus values showed a wide variability, for eg. a standard 
deviation of 18.9 over an average value of 91.75 mg/L for TP.  
 
The pH values of the samples were in the range of 7 to 8. 
 
Table 24:  Phosphorus values of raw samples 
SRP (Ortho-P)  TP 
Sample Number  Sampling Date 
mg/L 
1 8/4/2004  54.3  75 
2 31/5/2004  73.9  119 
3 16/6/2004  61.7  86 
4 28/6/2004  61.3  87 
 
10.4.2. Reagent dosing with a molar ratio of 2.3 
 
 i.   Liquid Alum 
  
  161
The performance of liquid alum dosed with a molar ratio of 2.3 in removing both SRP 
and TP is shown in Table 25.  Both SRP and TP values were within 1  mg/L for 
sample 1, however for the other samples the TP values exceeded 3 mg/L after treatment 
with liquid alum with a molar ratio of 2.3. An important factor observed is that there 
was no apparent difference in efficiency between a reaction time of 30 minutes and 3 
hours. Also, as soon as alum was added, the pH of the solution dropped to 5.5 and in 
about two minutes, the colour changed to a lighter green and looked cloudier. The pH 
was balanced to 6.5 by adding NaOH. 
 
All the samples collected for testing after 0.5 h, 2h and 3 h stratified in about 20 
minutes, the sludge occupied about 20 to 30% of the height of the sample bottle. The 
supernatant was a clear solution, which was used for both SRP and TP testing. This 
indicates that a reaction time of 30 minutes and a settling time of another 30 minutes 
will be adequate for effective P removal. 
 
Table 25:  Phosphorus values of samples treated with liquid alum using Al:P of 2.3 
0.5 h  2  3h 
SRP TP  SRP  TP  SRP  TP 
Sample No 
mg/L 
1 0.25  0.31  0.2  0.31  0.2  0.44 
2  5.53  13  4.2  12  4  12 
3  1.3  3.2 1.3  3 1.1  3 
4  1.2  3.6  1.2  2.5  1.2  2.5 
 
The results indicate that for the average TP value of 75 mg/L, an Al: P molar ratio of 2.3 
will be sufficient. However, the TP value can exceed this and hence a higher molar ratio  
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should be used in design if the TP value of the treated effluent should be limited to < 1 
mg/L. 
 
 ii.   Sodium Aluminate 
 
Table 26 demonstrates the performance of sodium aluminate applied with a molar ratio 
of Al: P of 2.3.  Both the SRP or the ortho-P value and the TP value exceed the limit of 
1 mg/L.  It was observed in this experiment that the pH of the solution changed to a 
higher value of 9.4 once sodium aluminate was added to the solution. The pH was 
adjusted to 6.9 by adding 20% HCl.  
 
Table 26:  Phosphorus values of samples treated with sodium aluminate at Al:P of 2.3 
0.5 h  2  3h 
SRP TP  SRP  TP  SRP  TP 
Sample No 
mg/L 
1  2.4  6.4  2.1  3.2  2  3.1 
2  10.2  24  7.12  16  5.81  12 
3  3.2  6.8  2.8  6.4  2.2  6.2 
4  3.1  6.5  2.6  6.2  2.1  6.2 
 
The solids did not settle at the bottom in the case of sodium aluminate application 
whereas in the case of alum, the separation of sludge from clear liquid occurred in about 
20 minutes. It took about 2 hours for the sediments to settle, however only a top layer of 
10% of the depth was clear liquid.  Considering the time taken for sedimentation or 
settlement of the treated effluent, sodium aluminate is not proven to be a proper 
chemical for P removal.   
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iii.   Combined Application of Liquid Alum and Sodium Aluminate 
 
When the wastewater was added with both alum and sodium aluminate (1:1 on a molar 
proportion) for a molar proportion of Al/P of 2.3, it was found that the sample turned to 
a milky and emulsified liquid. The solids did not settle even after 24 hours and hence 
the combined application of alum and sodium aluminate for P removal is considered not 
practical at this stage. No further testing of TP or SRP was carried out with the 
combined application. 
 
10.4.3. Reagent Dosing with a Molar Ratio of 3 
 
i.   Liquid Alum 
 
With a molar ratio of Al:P of 3, the SRP and TP concentrations in treated effluent could 
be reduced to < 1mg/L as shown in Table 27.  With the addition of liquid alum at a 
molar ratio of Al: P of 3, the pH of the wastewater dropped to 4.86, which was adjusted 
to 6.49 by adding NaOH.  The colour of the initial solution was dark green which 
eventually changed to a cloudy lighter green. Similar to the previous experiment, 
samples were taken out at 0.5h, 2h and 3h. All the samples settled in about 20 minutes 
and clear supernatant was drawn off and analysed for SRP.  
 
Considering the results with the liquid alum dosage of molar ratio of Al:P of 3, the trials 




Table 27:  Phosphorus analysis of wastewater treated with liquid alum at Al: P of 3 
0.5 h  2  3h 




1 0.15  0.28  0.15  0.3  0.15  0.3 
2  0.35  0.55  0.3 0.5 0.3 0.5 
3 0.25  0.4  0.25  0.4  0.25  0.4 
4 0.25  0.4  0.25  0.4  0.25  0.4 
 
  ii.   Sodium Aluminate 
   
Table 28:  Phosphorus values of samples treated with sodium aluminate at Al:P of 3 
0.5 h  2  3h 
SRP TP  SRP  TP  SRP  TP 
Sample No 
mg/L 
1 1.5  3.1  1  2.8  0.68  2.4 
2  3.8  5  3.1 4.8 2.1 3.8 
3  2.2  3.8  1.8 3.4 1.2 3.0 
4 2.2  3.6  1.7  3.2  0.84  2.8 
 
As in the previous case, with the addition of sodium aluminate, the pH rose to a higher 
value of 9.7. The pH was adjusted to 6.9 by adding 20% HCl.  As shown in Table 28, 
the TP value still exceeded >1 mg/L even with this higher dosage. The clarification still 
took more than 2 hours and even after 24 hours, the clarified liquid (supernatant) was 
only 30% of the total liquid column height.   Considering the difficulties in settling and 
clarification, this trial found that sodium aluminate would not be a suitable chemical for 
P removal for meat processing industry effluent. 
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10.5  Discussion 
 
The experimental study has resulted in valuable data required for engineering design of 
phosphorus removal system from meat processing industry effluent treatment. 
Typically, it is assumed that alum (Husband 1992a; US-EPA 1987) and sodium 
aluminate would be suitable for P removal at a molar ratio of Al: P of 2.3 (US-EPA 
1987). However, this study has demonstrated that sodium aluminate requires higher 
dosing rate and pH adjustment, and longer settling time.   
 
Table 29:  Operational parameters of P removal using liquid alum 
Particulars Unit  Quantity 
Aluminium content  %  4 
Liquid alum required per day  kg/d  1036 
NaOH required  kg/d  448 
Minimum storage volume of 
liquid alum  
m
3 13.8 




Cost/day for liquid alum  A$/d  $223 
Cost/d for NaOH  A$/d  $88 
Annual cost  A$/annum $97, 225 
Daily sludge production  kg/d  164  
 
Considering the complexities with application of sodium aluminate, it is suggested that 
liquid alum would be a better alternative for P removal from meat processing industry 
effluent. Other aluminium products such as aluminium chlorohydrate and  
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polyaluminium chloride are other potentially useful chemical for phosphorus 
precipitation.  Previous studies demonstrated that polyaluminium chloride was superior 
to aluminium sulphate (alum) in removing total phosphate, while aluminium 
chlorohydrate gave poorer results than the other chemicals (US-EPA 1987). However, 
from an operating cost point, aluminium sulphate is still considered to be the suitable 
product. 
 
The modified daily and annual operating costs for P removal using liquid alum are 
provided in Table 29.  The physico-chemical properties and unit cost of the chemicals 
were obtained from Coogee chemicals.  If the meat industry produces a wastewater  
flow of 200 m
3/d with 75 mg/L of P, it is calculated that about 796 L/d of liquid alum 
and 297 L/d of NaOH are required for effluent P value of <1 mg/L.  The annual 
chemical cost is estimated to be about $98,000. 
 
10.6  Conclusions  
 
A chemical P removal system using liquid alum and NaOH for pH stabilisation is more 
appropriate than sodium aluminate.   
 
Application of sodium aluminate for P removal for meat processing industry effluent is 
found to be less effective as it would need higher dosage, longer settling period, 
coloured supernatant, acid addition for pH adjustment.  
 
Considering the difficulties with the sodium aluminate pathway for P removal, it is 
considered as an inappropriate method for P removal for meat industry effluent. 
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Liquid alum application rate is recommended to be around a molar ratio of Al: P of 3 
for TP value of <1 mg/L in the treated effluent. 
 
Combined application of sodium aluminate and liquid alum for enhanced P removal has 
been found to be inoperable due to formation of a milky emulsified solution when the 
reagents were added to the wastewater, which remained unclarified even after it was 
kept for sedimentation for 24 hours.  
 
The annual cost for chemicals, liquid alum and NaOH, for P removal for a meat plant 
producing 200 m
3/d of effluent with a TP concentration of 75 mg/L would be of the 
order of $97,000 (Australian as of 2006).  About 1000 kg of liquid alum and 450 kg of 
NaOH are required for an effluent P value of <1 mg/L. It is estimated that the daily 






The thesis addressed a number of research questions on fundamental and engineering 
aspects of meat industry effluent treatment and nutrient removal using sub-surface flow 
constructed wetlands (SSF-CW) and supplementary chemical phosphorus removal. The 
fundamental issues discussed included performance of SSF-CW system planted with 
Monto vetiver grass for high strength wastewater treatment as a secondary wastewater 
treatment system; the dynamics of carbon (as COD) removal under different nitrogen 
species using SSF-CW (Chapter 6); dynamics of nitrogen removal using SSF-CW 
(Chapter 7); the dynamics of P retention in SSF-CW (Chapter 8); detailed studies of pea 
gravel on phosphorus removal (Chapter 9). An engineering study on use of sodium 
aluminate and aluminium sulphate on phosphorus removal from meat processing 
effluent (Chapter 10) was also carried. Major outcomes of this research are discussed 
below.  
 
11.1  COD Removal in SSF-CW systems 
 
11.1.1.  Is SSF-CW with vetiver grass (Monto group) system capable of treating high 
COD wastewater such as meat processing industry effluent? What is the 
general design equation for such a system? 
 
The experiments carried out in this study demonstrate that SSF-CW with vetiver grass is 
capable of treating high strength wastewater such as meat processing effluent.  Both the 
SSF-CW with vetiver grass and the un-vegetated system could achieve over 80% 
reduction of COD in about 4 to 6 days of retention time when applied with ammonium  
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N at a concentration of 200 mg/L.  The general trend of COD removal followed a first 
order retarded reaction rate equation for SSF-CW with Monto vetiver grass, which can 
























Ct   =  effluent COD (mg/L) 
Co  =  influent COD (mg/L) 
Ko  =  initial removal rate constant (d
-1) at 20
oC, the range is 0.2 to 1.2 d
-1 
b  =  time based retardation constant (d
-1) at 20
oC, the range is 0.24 to 1.3d
-1 
 
11.1.2.  What is the major process mechanism for COD removal in SSF-CW system 
with Monto vetiver grass? 
 
The major mechanism of SSF-CW with Monto vetiver grass is a combination of 
anaerobic and aerobic processes. This can be concluded from the values of redox 
potential and dissolved oxygen as shown in Table 4 of Chapter 6.  The redox was 
negative immediately after batch feeding which indicates that the oxygen available 
through root zones and atmospheric diffusion based on Henry’s Law was not sufficient 
to keep the system aerobic. However, after a few days, the redox became positive and 
the dissolved oxygen values were more than 3 mg/L.  This indicates that there is a 
combination of anaerobic and aerobic processes that has taken place in SSF-CW planted 
with Monto vetiver grass.  When vetiver grass was in the growing stage, it took more 
retention time (7 to 9 days) for the SSF-CW cell to show positive redox potential, 
however, once the vegetation was established, the time taken for the redox to become 
positive was about 4 to 5 days.    
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11.1.3.  Is SSF-CW planted with Monto vetiver grass efficient in COD removal during 
denitrification of meat processing industry effluent 
 
This research study demonstrates that Monto vetiver grass is not suitable vegetation for 
SSF-CW during denitrification.  During the denitrification phase with a nitrate 
concentration of 200 mg/L and with COD values of 600 to 1000 mg/L, the SSF-CW 
system with matured Monto vetiver grass did not perform well in comparison to non-
vegetated SSF-CW system.  The vegetation appeared to be stressed out and eventually 
died. The COD reduction was nearly 30 to 40% only in comparison to over 80% COD 
reduction achieved by un-vegetated SSF-CW system in about 48 hours. With the 
increase of retention time, the COD either remained the same or slightly increased. 
Evapotranspiration was higher in SSF-CW with Monto vetiver grass that the 
evaporative loss in un-vegetated SSF-CW. However, the COD removal efficiency of the 
vegetated cell is considerably poor even after taking into account of increase of 
concentration of COD due to evapotranspiration. The COD increase would have been 
contributed by decaying plant roots. When the dead plants were removed from the cell, 
a strong pungent smell due to decay of roots was observed.  The presence of ammonium 
N in the effluent where there was no ammonium N in the influent indicates that there 
was ammonification of organic N within the reactor, which may be due to a 
combination of decay of bacterial mass accumulated during previous trials of COD 
removal with ammonium N and decay of vetiver grass roots. A separate study 
confirmed that nitrate N of 200 mg/L is not toxic to vetiver grass. There are no previous 
studies that reported on application of vetiver grass in SSF-CW systems exclusively for 
denitrification.  It appears that high strength denitrification process is toxic to vetiver 
grass. However, other types of vegetation such as canarygrass (Phalaris arundinacea), 
reed (Phragmites communis), bulrush (Scirpus atrovirens georgianus) or typha (Typha  
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latifolia) were used in a denitrifying SSF-CW under varying COD loading rate, and the 
reactors planted with the above vegetation performed well during denitrification (Zhu 
and Sikora 1995).   
 
11.1.4.  What are the implications of this research in terms of developing a better 
performing wastewater treatment system that requires only a smaller footprint 
than a conventional SSF-CW system? 
 
A major constraint with the conventional designs of SSF-CW system is the requirement 
of larger footprint. The operation and maintenance cost of conventional SSF-CW 
systems are substantially cheaper than any variant of activated sludge plants.  However, 
the need for a large area for SSF-CW systems requires substantial capital costs in terms 
of land and bed media (usually gravel).  The economic advantage of low maintenance is 
eclipsed by the high capital cost required for SSF-CW system and as such this 
technology has not yet made an impact in comparison to sequencing batch reactors or 
other similar technologies.  If the retention time required for SSF-CW for high strength 
wastewater treatment could be brought down to just two or three days in place of the 
current requirement of two to three weeks, then there is an enormous potential for this 
technology even for major projects in both developed and developing countries.  
 
The results of the thesis demonstrate that over 80 to 90% COD could be reduced in 
about 48 hours during denitrification stage in an un-vegetated SSF-CW cell in 
horizontal flow mode.  Once the COD is removed during anoxic reactions in the first 
cell, nitrification (ammonia to nitrate) conversion could be carried out in a separate 
vegetated, vertical flow system. Similar to the Modified Ludzak- Ettinger (MLE) 
process (US-EPA 1993a), the nitrate is recirculated to the denitrifying cell, for  
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denitrification. This way nitrogen and COD removal could be achieved a shorter 
retention time in comparison to a conventional single stage SSF-CW system, where the 
nitrates lack electron donor (carbon source), and major removal path for N removal is 
plants uptake. In the proposed system, plant uptake, nitrification and denitrification 
along with rapid carbon removal using denitrifiers would be achieved.  For example, 
meat processing wastewater has about 200 to 250 mg/L of ammonium N, and assuming 
that the ammonium is nitrified in a vertical flow SSF-CW system and recirculating to 
the front end denitrification wetland, over 800 to 1000 mg/L of BOD5 could be 
immediately removed in the up front anoxic cell. Such a combined system could 
improve the operational efficiency and capital cost required for SSF-CW systems which 
would make them a real competitor to mechanical systems such as activated sludge 
plants.  
 
11.2  Nitrogen Removal 
 
11.2.1.  What are the major processes and kinetics of NH4-N removal in vegetated SSF-
CW  with Monto vetiver and in un-vegetated SSF-CW system?  
 
The major mechanisms of NH4-N removal in SSF-CW systems – both planted with 
Monto vetiver grass and the unplanted one, are a combination of processes that include 
uptake by biomass, nitrification and adsorption by gravel media. When COD was still 
remaining in the reactor content, nitrification was not found to be present. However, 
when the COD was exhausted, the major mechanism was nitrification, which was 
common to both vegetated and unvegetated SSF-CW systems. The oxygen required for 
nitrification in vegetated SSF-CW is assumed to be provided by both oxygen transfer 
through atmospheric diffusion (based on Henry’s Law) and through rhizomes of the  
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vetiver grass.  However in the un-vegetated system, it is only the atmospheric diffusion 
as the main oxygen transfer mechanism. There may be a limited oxygen transfer 
through the algae which were attached to the transparent side wall of both reactors. 
 
The results of the current experiments demonstrate that the main mechanism of NH4-N 
removal in sub-surface flow constructed wetlands is not nitrification pathway. The input 
NH4-N concentration used in this study representing typical meat processing industry 
effluent was three to four times than that of typical municipal wastewater. With a high 
COD, the limited oxygen available either through surface exchange or through plant 
rhizome was readily used for oxidation of organic carbon. The unavailability of oxygen 
limited conversion of NH4-N to NO3-N.  The major sink for NH4-N may be uptake by 
plant and adsorption by gravel, bacterial biomass and by algae, which formed on the 
transparent sides of the reactor and on the top layer of the gravel-water interface area. In 
a previous study, it was observed that 61% of the removed NH4-N was by sorption onto 
gravel (Zhu and Sikora 1995).  
 
The overall NH4-N removal reported in field studies varied from 12 to 85%, and an 
assessment of 268 European SSF-CW indicates that the NH4-N removal was in the 
range of 30 to 40% (Kuschk et al. 2003). In the present study the NH4-N removal was in 
the range of 40 to 60%, within a range of 20 to 30 days of HRT.  
 
There is no distinct difference between the performance of vegetated and un-vegetated 
SSF-CW in terms of NH4-N removal.  Similar short term studies on performance of 
SSF-CW have concluded similar results (Drizo et al. 1997; Sikora et al. 1995), which 
indicate that apart from nitrification, other means of NH4-N removal such as sorption by  
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gravel, bacteria uptake and algae formation (due to transparent walls of the reactor) may 
have a significant role than plant uptake and nitrification.  
 
A black box model of NH4-N removal in both vegetated and un-vegetated cells could be 
summarised as a first order rate model.  The NH4-N removal in SSF-CW vegetated with 
Monto vetiver grass can be summarised as:  
  t
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Where  
NH4-N(t)   =    ammonium concentration after ‘t’ days  
NH4-N(o)  =   ammonium  concentration  in the influent or t = 0 
t   =   HRT 
Similarly for the un-vegetated cell, the ammonium N removal is expressed in Eqn. 43. 
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A first order rate constant equation based on HRT will have much wider application on 
a universal level than the rate constant based on distance from the inlet zone. As HRT is 
a function of inflow, length, width, depth, porosity or hydraulic conductivity, bed slope, 
evapotranspiration and precipitation, the NH4-N removal equation based on HRT can be 
used as a design tool for applications elsewhere, and also for comparison of 
performance of other systems. A rate constant equation based on the distance from the 
inlet excludes the other important variables and limits the wider use of the model unless 
these variables are also available.  The first order rate constant model for NH4-N 
removal based on this experiment for both vegetated and un-vegetated SSF-CW offers a 
valuable tool for design of NH4-N removal process. 
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11.2.2.  Summary of the major processes and kinetics of nitrate removal in SSF-CW 
with Monto vetiver grass and in un-vegetated SSF-CW system  
 
The results of both COD and nitrate removal indicate that the significant mechanism for 
nitrate removal is denitrification pathway. Both vegetated and un-vegetated cells 
showed an exponential removal process and in most of the batches, there was no lack of 
bCOD (biologically available COD).  In a similar study, almost 100% nitrate was 
removed in about 50 to 120 h, when carbon source was not limited (Zhu and Sikora 
1995). 
 
Based on the results of the experiments, the nitrate removal in both SSF-CW cells could 
be statistically modelled as: 
t k
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Where: 
NO3-N(t)  -   concentration of nitrate – N for a given HRT 
NO3-N(o)  -   concentration of nitrate – N for at the start (t = 0) 
k20  -  first order rate constant at a temperature of 20
oC, 0.27d
-1  of 
vegetated SSF-CW with Monto vetiver grass and 0.42d
-1 in 
unplanted cell. 
t   -   HRT 
Both vegetated and un-vegetated SSF-CW cells are found to be effective in 
denitrification, however one noticeable difference between vegetated and un-vegetated 
system is the formation of ammonium N during denitrification.   
 
There was a distinct difference in nitrate N removal, ammonium N formation and COD 
balance between vegetated and un-vegetated SSF-CW.  The nitrate N removal in  
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vegetated cells was about 99.9% in over a week.  As the vegetation was completely 
dead during this period, there was an increase of COD and ammonium N due to decay 
of roots and submerged parts of the plants. This carbon, which can be assumed to be 
readily biodegradable, can be attributed to the higher removal percentage of nitrate – N 
in comparison to un-vegetated cell.  In un-vegetated SSF-CW, the nitrate N removal 
rate was nearly 90% only. The COD values at the same time were 90% of the input 
values, which indicates that the COD was more refractory and not biologically available 
for heterotrophic bacteria. Carbon limitation for denitrification in SSF-CW has been 
reported in many previous studies (Bezbaruah and Zhang 2003; Ingersoll and Baker 
1998). 
 
In this study, I could confirm that high concentration of nitrate was not toxic to vetiver 
grass. The reason for the stress and eventual destruction of the vegetation could be 
attributed to denitrification reaction itself, which for some reason might have affected 
the rhizome.  No previous literature could be found on denitrification toxicity to 
vegetation. It may be due to the fact that the influent nitrate concentration in this study 
was about 3 to 5 times than that is normally applied to studies on denitrification.  
 
11.2.3.  Role of Monto vetiver grass in nitrogen removal 
 
This study could not establish any particular importance for vegetated SSF-CW over un-
vegetated SSF-CW system for nitrogen removal. Monto vetiver is not a well researched 
plant for its application as vegetation for SSF-CW system, although there are a limited 
number of studies. Most of the reported studies on vetiver application for nutrient 
stripping and application to SSF-CW systems were carried out in low nitrogen 
environment such as water bodies or secondary sewage effluent and the studies were  
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based on field trials with limited opportunities for control. These field studies were 
basically unlined soil based land irrigation systems for wastewater disposal have earlier 
concluded that Monto vetiver is a good vegetation of nitrogen removal (Ash and Truong 
2003a; Ash and Truong 2003b; Smeal et al. 2003).  However, these studies assigned the 
total N removal to vetiver grass, though there might be possible pathways in addition to 
plant uptake such as, nitrification-denitrification, soil adsorption and leaching.   In my 
research, there was no apparent difference in the removal of ammonium N by vetiver 
planted or unplanted SSF-CW system. Similar results have recently appeared in another 
study, where vetiver could not tolerate high salinity and nutrient loading (Klomjek and 
Nitisoravut 2005), which essentially points out that further research is needed to 
confirm the effectiveness of vetiver as a plant for SSF-CW system. Vetiver grass could 
not tolerate denitrification state and all the shoots eventually died. However, other 
wetland plants such as cattail and canary grass have been reported to perform well in the 
state of denitrification in wetlands (Zhu and Sikora 1995). This study could not confirm 
superiority for vetiver grass over other reported wetland plant species during nitrate 
removal. At the same time, vetiver was tolerant of ammonium N concentration of 250 
mg/L, and over 1000 mg/L of COD, and there are not many reported studies of 
application of typical wetland plant species for this concentration of ammonium N and 
COD. When an experimental wetland with high strength leachate with various dilutions 
was applied, the plants, Phragmites australis,  were appeared to be stressed out (became 
yellow) when ammonium N concentration was about 370 mg/L and plants were 
completely dead and dry when the ammonium N concentration was over 700 mg/L (De 
Feo et al. 2005).   
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11.3  Phosphorus Removal using SSF-CW System 
 
11.3.1.  How is phosphorus dynamics affected by different process regimes such as 
COD removal and nitrification, and denitrification in SSF-CW systems with 
Monto vetiver grass and without vegetation?  
 
This research study has demonstrated that there is a distinct difference in dynamics of 
phosphorus retention in the SSF-CW reactors between oxidation stages of organic 
matter (COD) and NH4-N with the reducing environment of denitrification. This 
difference was found to be common, although with varying degrees, for the SSF-CW 
cell planted with Monto vetiver grass and the un-vegerated cell.  During the 
COD/ammonium oxidation stages, the P retention followed an exponential model with 
the retention time for both SSF-CW cells. However, during denitrification process, 
which is a reducing environment, P retention was generally poor in both SSF-CW cells, 
though the cell planted with Monto vetiver grass retained of about 50% of P, but 
independent of the retention time,  whereas for the unplanted cell P retention did not 
follow a distinct trend. 
 
The general model of SRP removal in SSF-CW during COD/ammonium oxidation in 
the SSF-CW cells can be summarised as :  
t k
o t e SRP SRP
20 * ) ( ) (
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Where  
SRP(t)    =    SRP concentration after ‘t’ days  
SRP(o)   =    SRP concentration in the influent or t = 0 
k20    =    first order rate constant (d
-1) 
t   =   HRT  (d)  
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The k20 values for the vegetated and un-vegetated SSF-CW cells have been estimated as 
0.21 d
-1 and t 0.18 d
-1 respectively. 
 
Assessing the model performances of both vegetated (with Monto vetiver grass) and un-
vegetated SSF-CW, it can be concluded that the additional P removal by vegetated 
system is 5.7% (estimated as the difference in removal level over the input P level). 
Earlier investigations found that in the initial years of establishing an SSF-CW system, 
the planted wetland had an additional removal capacity ranging from 3 to 60% of TP, 
which eventually subsided once the plant growth attained a saturation level (Tanner 
2001).  Results of this study are also in this range, but at the same time, the results 
indicate that vetiver plant has got only a limited capacity for additional P absorption. 
 
The general applicability of Equation is limited to the saturation value of the gravel is 
reached.  Equation 45 is limited to the maximum P adsorption capacity of the pea gravel 
medium which has a particle size of 14 mm. As provided in the chapter 10, the 
maximum P adsorption capacity of the pea gravel is 99 mg/kg.  In the vegetated SSF-
CW, the maximum P loading for all the six experimental runs with BOD5 and 
ammonium N was 18 g of P. In the case of un-vegetated cell, it was 6 g of P.   
Considering the total weight of the gravel in the experimental reactors, the rated 
maximum quantities of P adsorbed in the trials have been 72 and 24 mg/kg (~75% and 
25%) respectively for both vegetated and un-vegetated SSF-CW cells.  It can be seen 
that there was sufficient additional capacities for P adsorption still left in the gravel 
media for both vegetated and un-vegetated SSF-CW systems.  
  
  180
However, during the denitrification experimental phase, where it is a reducing 
environment, both SSF-CW cells failed to retain P. The availability of the P adsorption 
capacity of the gravel appears to have no effect on the P retention capacity during the 
denitrification stage in both SSE-CW cells as they both performed poorly irrespective of 
the available area for adsorption in the gravel media.   
 
During the denitrification experiments, all the vegetation stressed out and eventually 
died, causing increase of COD due to decaying roots. The decaying roots would also 
produce humic and fulvic acids, which are known for retaining P even in very reducing 
environments (Reddy et al. 1999).  The relatively elevated level of P retention in 
vegetated SSF-CW during denitrification stage could be attributed to P retention by 
humic acids. 
 
The importance of the findings on the inability of the pea gravel medium to retain P 
during denitrification stage is in the selection of wetland media. Normally, the cost of 
pea gravels 2 to 3 times greater (i.e. depending on the location) than that of inert granite 
gravel, which is locally called as blue metal in Australia. If SSF-CW systems are 
engineered with distinct zones for nitrification and denitrification, it may be useful to 
provide less expensive granite or similar inert media for the denitrifying zone. This 
would help lower the overall wetland system cost, without compromising the initial P 
removal benefit of the system as the cost of the gravel alone contributes to over 50% of 
the total cost of SSF-CW systems.  
 
11.3.2.  Phosphorus Retention in SSF-CW System using Pea Gravel 
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This research confirms that pea gravel has phosphorus retention capacity. Higher the 
concentration of P in the solution, higher the removal rate for a given time. For 
example, for a reaction time of 5 days, the maximum adsorption was 100 mg P/kg of 
pea gravel when the concentration of P in the solution was 500 mg/L where as for 30 
mg/L P solution, the P adsorbed was less than 20 mg P/kg of pea gravel. This shows 
that for high strength wastewater such as meat processing industry effluent which has P 
level of about 50 to 80 mg/L, an SSF-CW system with pea gravel as media would be 
able to remove P from wastewater to less than 1 mg/L of soluble P. But this is limited to 
the maximum adsorption capacity of the gravel bed, and once it reaches the maximum 
adsorption capacity, the P retention capability will gradually reduce.  This study also 
confirmed that the competitive ions such as ammonium or nitrate did not influence the P 
retention capacity of pea gravel. The Langmuir sorption maximum for pea gravel with 
14-16 mm particle size is estimated as 99.01 mg/kg.  Some previous studies indicate 
that the actual adsorption maxima might be higher than the Langmuir adsorption 
maximum. 
 
A simple calculation for an SSF-CW system with pea gravel as bed medium, designed 
for 100 persons equivalent indicates that the P retention capacity ranged about 2 years. 
Although some level of P retention occurs in the SSF-CW system by way of plant and 
bacteria uptake, a supplementary chemical P removal system will be required after the 
initial period of retention by pea gravel. 
 
11.4  Phosphorus Adsorption by Pea Gravel 
 
Pea gravel, when ground to a particle size of <180 μm, achieved about 98.21 % P 
removal (from an initial P concentration of 60 mg/L).  Within 5 minutes of reaction 
time, over 98% of P was removed from solution by pea gravel powder; however, for  
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achieving similar results, the fine gravel with a particle size of 2 to 2.8 mm took 48 
hours.   The ultimate P adsorption value obtained using a very fine pea gravel powder 
with a particle size < 150 μm this experiment was 3950 mg P/kg pea powder. This value 
is almost 40 times higher than that of the coarse pea gravel of particle size 14 to 16 mm.  
 
Pea gravel powder contains 190 g/kg of Al and 150 g/kg of Fe which denotes that P was 
adsorbed to Al and Fe sites. Also, when tested at a very low pH of 2, there was no 
desorption of P from the gravel powder which was previously used for P adsorption. 
This also indicates that the main process of P retention is sorption than precipitation as 
precipitation would have resulted in release of PO4 ions at a very low pH. 
 
  A comparison of P sorption capacities of different materials with the P sorption 
capacity of this study indicates that only redmud gypsum exceeded the adsorption 
capacity of fine powder of pea gravel.  The quantity of Fe was highest for red mud, 
followed by pea gravel.  These data indicate that Al and Fe play a major role in P 
adsorption value.  
 
The particle sizes of red mud and pea gravel very fine powder that we used in the study 
were of <150 μm. The P adsorption capacity of red mud is about 5000 mg P/kg of 
material, whereas that of pea gravel powder (<150 μm particle size) is about 
4000 mg P/kg of material.  However, pea gravel took only 10 minutes reaction time to 
achieve this adsorption value, but red mud took about 48 hours to achieve the maximum 
adsorption capacity.  Although red mud is a waste material from bauxite processing 
operations, the radio active property and heavy metal content of red mud (Snars et al. 
2003) limit its application. However, pea gravel powder may be a safe material for P 
removal applications where currently alum or other proprietary products are used.  
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Application of very fine pea powder as a bed medium for SSF-CW would not be 
appropriate because it would limit the hydraulic conductivity of the system.  P removal 
using fine pea gravel fine powder may be achieved by external to the wetlands similar 
to chemical P removal using alum or other metal salts. 
 
11.5  Chemical Precipitation of Phosphorus from Meat Industry Effluent 
 
Experiments were carried out with actual wastewater samples collected from a meat 
processing industry for phosphorus removal using liquid aluminium sulphate (liquid 
alum) and sodium aluminate individually and in combination for a molar ratios Al: P of 
of 2.3 and 3.  For achieving a soluble reactive P value of <1 mg/L, a molar ratio of Al:P 
of 2.3 found to be sufficient for liquid alum. However, for a TP value of <1 mg/L, the 
required molar ratio of Al:P was found to be 3. Although the alkalinity of meat 
processing industry effluent is typically about 800 mg of CaCO3/L, the pH adjustment 
was required by adding NaOH to neutralise the effect of addition of liquid alum. A 
reaction time of 30 minutes was found to be appropriate for reaction with liquid alum.  
 
Sodium aluminate was not found to be a suitable chemical for P removal for meat 
processing industry effluent though it has been extensively used for P removal from 
municipal wastewater. In the current research, it was observed that solution was not 
settling after a detention time of 24 hours.   In contrast to municipal wastewater where 
the P value is about 15 mg/L, for meat industry effluent the amount of sodium aluminate 
added increased the pH of the solution. This required addition of HCl to neutralise the 
pH.    Considering the time taken for sedimentation or settlement of the treated effluent, 
sodium aluminate is not proven to be a proper chemical for P removal.  
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When the wastewater was added with both alum and sodium aluminate for a molar 
proportion of Al/P of 2.3, it was found that the sample turned to be a milky and 
emulsified liquid. The solids did not settle even after 24 hours and hence the combined 
application of alum and sodium aluminate for P removal is considered not practical.   
 
The experimental study has resulted in valuable data required for engineering design of 
phosphorus removal system from meat processing industry effluent treatment. 
Considering the complexities with application of sodium aluminate, this study 
concluded that liquid alum would be a better alternative for P removal from meat 
processing industry.  
 
For a meat processing industry that produces wastewater  of 200 m
3/d with 75 mg/L of 
P,
 it is estimated that about 796 L/d of liquid alum and 297 L/d of NaOH would be 




Conclusions and Recommendations 
 
12.1  Conclusions 
 
Meat processing industries produce large quantities of high strength wastewater, which 
require a high level of treatment before disposal. The typical treatment includes 
engineered natural systems such as a pond treatment system or mechanical systems such 
as extended aeration activated sludge or sequencing batch reactors. Use of coarse solid 
separators such rotary screens provides a good primary treatment. Application of 
constructed wetland systems is not common for high strength meat processing effluent 
treatment in Australia.   
 
Sub-surface flow constructed wetland technology is emerging as an ecologically 
sustainable alternative treatment system for both municipal and industrial wastewater 
treatment. SSF-CW systems are considered to be an efficient method and require less 
land area in comparison to free water surface constructed wetland systems. The 
treatment mechanisms involved in an SSF-CW system are physical, chemical, 
biological and ecological processes.  
 
This research concludes that SSF-CW system with Monto vetiver grass can be used as a 
secondary treatment system for high strength wastewater such as meat processing 
industry effluent. Current design equation of horizontal flow SSF-CW system assumes 
plug flow, first order decay, but recent modification includes background concentration 
method and retarded rate constant method.  In this study, it has been concluded that  
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retarded first order rate constant is the most appropriate design method for horizontal 
flow SSF-CW system. 
 
COD reduction dynamics in SSF-CW system varied with the nitrogen species. It is 
concluded that Monto vetiver grass performs better for nitrifying zone than in 
denitrifying zone, where the plant did not survive. Engineered un-vegetated denitrifying 
SSF-CW system followed by a nitrification system of vertical SSF-CW with effluent 
recycling to the front end denitrifying SSF-CW could provide a better alternative to 
conventional wastewater treatment system such as activated sludge. Such an integrated 
SSF-CW system could reduce the retention time to less than a few days and reduce the 
footprint required along with increased COD and nitrogen removal in comparison to a 




Ammonium N removal followed a first order decay trend in the experimental SSF-CW 
system, with a removal rate in both vegetated and un-vegetated SSF-CW system 
ranging from 40 to 60 %. The main pathway of ammonium N removal appears to be 
sorption to the gravel media.  Denitrification appears to be the pathway for nitrate 
removal, and the limiting parameter is the carbon source. Given the availability of 
carbon source, the denitrification also followed a first order exponential decay trend, 
and over 80% of nitrate was removed in 48 hours. Vetiver grass sustained elevated 
ammonia levels of 200 mg/L or more, however it was under stress during denitrification 
and it eventually died.  
 
Sub-surface flow constructed systems with pea gravel as bed media could effectively 
retain soluble reactive phosphorus (SRP) in the wetland cells during ammonia and high 
COD loadings, with the retention rate following an exponential trend. The removal of  
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SRP from wastewater during anoxic stage in the vegetated cell was nearly 50% of the 
input SRP probably due to adsorption by humic substances from decaying roots. 
However, the un-vegetated cell did not show any trend, and in some cases the effluent 
SRP was nearly 90% of the input value in the anoxic zone.   
 
The role of Monto vetiver grass for N and P removal was very minor and this study 
concludes that nutrient removal (N & P) by plant uptake pathway could be neglected in 
the design of SSF-CW system with Monto vetiver grass.  
 
Adsorption is the major mechanism for P removal from the experimental SSF-CW 
systems, where pea gravel was used as bed media. The P adsorption capacity of pea 
gravel increased with decrease in particle size: for 16 to 18 mm, the Langmuir 
adsorption maximum was 99 mg/kg, where was for very fine pea gravel powder (<150 
μm) the maximum adsorption observed experimentally was 3950 mg/kg.  In a typical 
SSF-CW system for meat processing industry where, if  pea gravel was used as bed 
media, the system would be capable of P retention for about 2 to 3 years of operation. 
Supplementary chemical removal method is needed for sustainable P removal once the 
adsorption maximum of wetland cell is reached. 
 
A chemical P removal system using liquid alum and NaOH for pH stabilisation is 
appropriate than sodium aluminate. Application of sodium aluminate for P removal for 
meat processing industry effluent is found to be less effective as it would need higher 
dosage, longer settling period, and acid addition for pH adjustment. Liquid alum 
application rate is recommended to be between a molar ratio of Al: P of 3 for a TP value 
of <1 mg/L in the treated effluent. 
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The annual cost for chemicals, liquid alum and NaOH, for P removal for a meat 
processing plant producing 200 m
3/d of effluent with a TP concentration of 75 mg/L 
would be of the order of $97,000.  It is estimated that the daily sludge production due to 
chemical P removal system will be 160 kg/d. 
 
12.2  Recommendations 
 
The following areas of research are recommended for future research based on the 
outcomes of this thesis: 
•  Laboratory controlled experiments with vertical flow type subsurface flow 
constructed wetland systems for nitrification and BOD5 removal with Monto 
vetiver, other types of vegetation as well as without plants. 
•  Further studies on effect of denitrification on Monto vetiver grass with different 
strengths of BOD5 and nitrate. 
•  Continuous horizontal flow type SSF-CW systems for further studies on 
denitrification and BOD5 removal with different types of plants and without 
plants. 
•  A pilot field integrated SSF-CW system with both horizontal flow for 
denitrification and carbon removal and a vertical flow for nitrification using 
meat processing industry effluent. 
•  Development of technologies and products for use of pea gravel powder for P 
removal applications such as prevention of algal blooms in natural water bodies, 
storm water holding lagoons and also for wastewater treatment applications.  
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